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SUMMARY

Here, we present a protocol for multivariate quantitative-image-based cytome-
try (QIBC) analysis by fluorescence microscopy of asynchronous adherent cells.
We describe steps for the preparation, treatment, and fixation of cells, sample
staining, and imaging for QIBC. We then detail image analysis with our open
source Fiji script developed for QIBC and present multiparametric data visualiza-
tion. Our QIBC Fiji script integrates modern artificial-intelligence-based tools,
applying deep learning, for robust automated nuclei segmentation with minimal
user adjustments, a major asset for efficient QIBC analysis.
For complete details on the use and execution of this protocol, please refer to
Besse et al. (2023).1

BEFORE YOU BEGIN

The development of high-content fluorescence microscopy approaches for cell-cycle staging of

adherent cells from large asynchronous population,2–7 referred to as Quantitative Image-Based Cy-

tometry (QIBC),6,7 have allowed to extensively examine stress response at a single cell level.8–14

However, QIBC mainly relies on proprietary dedicated high-content microscopy and image analysis

platforms. The challenges of QIBC are the implementation of automatic image acquisition and anal-

ysis that requires reliable single nucleus segmentation together with multi-parameters information

extraction in an unbiased manner. For this, modern artificial intelligence-based tools applying

deep-learning for robust automated nuclei segmentation are major assets for efficient QIBC

analysis.

Here we describe an open-source QIBC pipeline solution for widefield fluorescence microscope

configuration for automated multi-color acquisition and in house developed Fiji-scripts (macro)

for parameters extraction. The first step of the analysis is based on StarDist, a modern deep-learning

tool trained to recognize nuclei. Unlike the classical threshold method that uses only the fluores-

cence intensity parameter to segment nuclei, the StarDist15 segmentation calls for multiple nuclei

features, which provides highly accurate and fully automated segmentation of crowded nuclei
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with low user intervention. The segmentation step is followed by automated individual cell multi-

parameter extraction, including nuclei DNA content and EdU mean signal intensity, allowing for

cell-cycle staging. In addition, extracted parameters for the proteins of interest include mean signal

intensity and/or foci count per nucleus. Nuclear area (and nuclear volume) does not fully correlate

with the nuclear DNA content during cell-cycle progression.16 Indeed, a significant increase in

nuclear volume occurs in a variety of mammalian cells during the G1 phase before the entry into

the S phase and DNA replication initiation.17–20 For this reason, the measurement of the DAPI total

intensity of the nucleus parameter (annotated ‘‘RawIntDen’’ in Fiji), is used as a proxy for nuclei DNA

content.

Using a data visualization software, the protein parameters can be cross-analyzed in the context of

the cell-cycle at the individual cell level, thus providing in depth information from asynchronous cell

populations. The detection by immunofluorescence technics of gH2AX and 53BP1 signals according

to cell-cycle stage has provided important information about the molecular processes underlying

the DNA damage response.21,22 For this the QIBC pipeline solution was applied to gH2AX and

53BP1 signal analysis.

Cell culture

Timing: 3–5 days (for steps 1 to 10)

Keep the cells at an optimal density for continued growth.

1. Thaw U-2 OS cells in DMEMComplete Medium equilibrated at 37�C (DMEMComplete Medium

cell culture media can be stored at 4�C for a maximum of three months).

2. Remove the cryovial containing the cells from liquid nitrogen storage and immediately place it

into a 37�C water bath.

3. Quickly thaw the cells by gently swirling the vial in the water bath for 1 min.

4. Transfer the vial into a biosafety cabinet.

5. Transfer the vial’s content into a 15 mL centrifuge tube containing 10 mL of pre-warmed DMEM

Complete Medium.

6. Centrifuge the cell suspension at 200 3 g for 5 min at 22�C.
7. Discard the supernatant and resuspend the cells in 5 mL of DMEM Complete Medium.

8. Transfer the contents into a T25 flask and incubate at a 37�C in a 5% CO2 incubator for 24 h.

9. Aspirate out medium from the T25 flask and refresh with 5 mL pre-warmed DMEM Complete

Medium the following day.

10. Maintain the cultures and allow cells to grow until 90% confluency is reached.

Fiji installation and plugins implementation

Timing: 30 min (for steps 11 to 16)

The Fiji software is installed and set for the Stardist plugin.

11. Download the Fiji software at https://imagej.net/software/fiji/downloads.

12. Download Fiji updates, go to Menu>Help>Update.

13. Click on Manage update sites.

14. Scroll down through the list and tick the checkboxes for CSBDeep and StarDist. Note that if

StarDist is missing from the list, click Update URLs to refresh the list.

15. Click the Close button.

16. ImageJ 1.53d or later versions must be used, if necessary, update ImageJ, go to Help>Update

ImageJ>upgrade to select version 1.53 or later.
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Download the in house developed Fiji-scripts for QIBC analysis

Timing: 30 min (for steps 17 to 21)

Images are analyzed by Fiji with in-house developed scripts (Macros) available for download on the

Zenodo platform (https://doi.org/10.5281/zenodo.8014997). Multiple parameters are extracted

from the automatically defined nuclei ROI on the selected channels. Then, for the protein of interest,

the mean signal intensity per nucleus is extracted along with the protein foci count per nucleus, with

the find maxima function in Fiji, when discrete foci are formed. The measured parameters are

exported in an Excel file.
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17. Download the ‘‘Macros.zip’’ file containing the Fiji-script ‘‘00_Convert Files to TIF’’.

Note: Fiji-scripts for QIBC analysis require ‘‘.tif’’ or ‘‘.TIF’’ image files extensions. Microscope

company provide different type of image file saving formats. For this reason we propose the

open source Fiji-script ‘‘00_Convert Files to TIF’’ adapted from a script developed by Olivier

Burri, BioImaging and Optics Platform – EPFL, to convert your microscope file (.LIF; .CZI; .VSI;

.ND2) into individual ‘‘.tif’’ image files to fit the requirement for QIBC analysis by two in house

developed Fiji-scripts. Each image channel is saved as a separate image file which name must

include the letter ‘‘C’’ or ‘‘c’’ followed by the channel number (C1, C2, C3, C4 or c1, c2, c3, c4).

Image analysis for QIBC experiment is done on 2D images (no Z series are accepted).

18. Download the ‘‘Macros.zip’’ file containing the Fiji-script ‘‘01_Shading-Dark correction_v2.ijm’’.

Note: The in house developed Fiji-script (01_Shading-Dark correction_v2.ijm) applies dark

and illumination corrections on all images.23,24 The Dark-current image is first subtracted

from each sample image and from the shading image. In a second step, an illumination correc-

tion image is generated for which an illumination factor for each pixel is determined. For this,

the intensity of each pixel of the shading image is divided by the mean pixel intensity of the

shading image. The illumination correction image is used to calculate the corrected sample

image obtained by dividing the sample image by the illumination correction image. The

corrected image files automatically generated by the Fiji-script (01_Shading-Dark correc-

tion_v2.ijm) are copied in a new folder distinct from the folder containing the raw image files.

19. Download the ‘‘Macros.zip’’ file containing the Fiji-script ‘‘02_StarDist-QIBC_v12.ijm’’.

Note: The in house developed Fiji-script (02_StarDist-QIBC_v12.ijm) is applied on all cor-

rected sample images. DAPI channel is used to automatically extract nuclei as region of inter-

est (ROI) with the «Versatile fluorescent nuclei »model present in the Fiji plugin for StarDist15

and are added to the ROI manager window. Training automated nucleus segmentation tools

using modern deep-learning approaches requires collecting annotated examples. The 2018

Data Science Bowl created a resource of diverse nuclei images contributed by numerous bio-

logical laboratories and manually annotated by a team of expert biologists at the Broad Insti-

tute. The StarDist versatile fluorescent nuclei model was trained on a subset of images and is

well suited for robust U-2 OS nuclei segmentation.

20. Download the Spotfire� canvas template.

21. Download the Spotfire� tutorial video for help on how to execute QIBC multiparametric data

visualization.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal antibody anti-H2AX-phospho-
serine139 (anti-gH2AX) IgG1k, clone JBW301,
use at 1:500 dilution

Merck Sigma-Aldrich Cat# 05-636-I; RRID:AB_2755003

Mouse monoclonal antibody anti-p53 Binding
Protein 1 (anti-53BP1) IgG1, clone BP13, use
at 1:750 dilution

Merck Sigma-Aldrich Cat# MAB3802; RRID:AB_2206767

Mouse monoclonal anti-Tubulin, clone DMA1,
ascites fluid, use at 1:1000 dilution

Merck Sigma-Aldrich Cat# T-9026; RRID:AB_477593)

(Continued on next page)

ll
OPEN ACCESS

4 STAR Protocols 4, 102446, September 15, 2023

Protocol



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Donkey anti-Mouse IgG (H + L) Alexa Fluor 647
conjugated, use at 1:500 dilution

Thermo Fisher Scientific Cat# A-31571; RRID: AB_162542

Peroxidase-AffiniPure Goat Anti-Mouse IgG
(H + L), use at 1:10 000 dilution

Jackson ImmunoResearch Labs Cat# 115-035-003; RRID: AB_10015289

Chemicals, peptides, and recombinant proteins

Phosphate-buffered saline (PBS) tablets EUROMEDEX Cat# EU1-2052-100

(S)-(+)-Camptothecin (CPT) Merck Sigma-Aldrich Cat# C9911-100 mg; CAS: 7689-03-4

Dimethyl sulfoxide (DMSO) Merck Sigma-Aldrich Cat# D8418-100 mL; CAS: 67-68-5

50-Ethylene-20-deoxyuridine (EdU) Thermo Fisher Scientific Cat# A10044

PIPES Merck Sigma-Aldrich Cat# P1851; CAS: 5625-37-6

Sucrose Merck Sigma-Aldrich Cat# S0389; CAS: 57-50-1

TritonTM X-100 Merck Sigma-Aldrich Cat# 1.08603.1000; CAS: 9036-19-5

MgCl2 1 M Thermo Fisher Scientific Cat# AM9530G

NaCl Merck Sigma-Aldrich Cat# 31434-1KG-M; CAS: 7647-14-5

Tris-HCl 1 M, pH 7.5 Thermo Fisher Scientific Cat# 15567027

Tris-HCl 0.5 M, pH 8.5 Thermo Fisher Scientific Cat# J62131.AP

cOmpleteTM, Mini, EDTA-free Protease Inhibitor
Cocktail, Roche

Merck Sigma-Aldrich Cat# 4693159001

Paraformaldehyde (PFA), 16% (v/v) solution Electron Microscopy Sciences Cat# EM-15710

Bovine serum albumin (BSA), standard grade Interchim Cat# UPQ84170; CAS: 9048-46-8

(+) Sodium L-ascorbate Merck Sigma-Aldrich Cat# A4034; CAS: 134-03-2

Copper (II) sulfate, anhydrous, 98%, Alfa Aesar Thermo Fisher Scientific Cat# A13986.30; CAS: 7758-98-7

Alexa Fluor 488 Azide (Alexa Fluor 488
5-Carboxamido-(6-Azidohexanyl),
Bis(Triethylammonium Salt)), 5-isomer)

Thermo Fisher Scientific Cat# A10266

40,6-Diamidine-20-phenylindole dihydrochloride
(DAPI)

Merck Sigma-Aldrich Cat# D9542-5MG; CAS: 28718-90-3

1,4-Diazobicyclo-[2.2.2]-octane (DABCO) Merck Sigma-Aldrich Cat# D27802-25G; CAS: 280-57-9

Glycerol, anhydrous, R99.5% (GC) Honeywell Cat# 49770; CAS: 56-81-5

Mowiol� 4-88 Merck Sigma-Aldrich Cat# 813381-50G

UltraPure� DNase/RNase-Free Distilled water Thermo Fisher Scientific Cat# 10977-035

Accutase Biowest Cat# L0950

LipofectamineTM RNAiMAX Thermo Fisher Scientific Cat# 13778075

Deposited data

Raw and analyzed images This paper Zenodo DOI (https://doi.org/10.5281/zenodo.8014997)

Fiji-script to convert files to TIF images
(00_Convert Files to TIF)

This paper, adapted from
the script (Export_Images_
Folder.ijm) from Olivier
Burri, EPFL

https://gist.github.com/lacan/16e12482b52f5397
95e49cb2122060cc

Fiji-script (01_Shading-Dark correction_v2.ijm) This paper Zenodo DOI (https://doi.org/10.5281/zenodo.8014997

Fiji-script (02_StarDist-QIBC_v12.ijm) This paper Zenodo DOI (https://doi.org/10.5281/zenodo.8014997

Canava (SpotFire) for QIBC multivariate
representations

This paper Zenodo DOI (https://doi.org/10.5281/zenodo.8014997

Step-by-step Fiji-script tutorials and video This paper Zenodo DOI (https://doi.org/10.5281/zenodo.8014997

Experimental models: Cell lines

U-2 OS RRID: CVCL_0042

Oligonucleotides

Non-targeting Pool siRNA (siCTL) Dharmacon Cat# D-001810-10-05

ON-TARGET plus Smart pool Human TP53BP1
siRNA (si53BP1)

Dharmacon Cat# L-003548-00-0010

Software and algorithms

MetaMorph Microscopy Automation and Image
Analysis Software (Version 7.10.4.407)

Molecular Devices RRID:SCR_002368

Scan slide interface for MataMorph Gataca Systems� nD-SCAN

Fiji (ImageJ version > 1.53d)ji RRID:SCR_002285 https://imagej.net/software/
fiji/downloads

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Fiji plugin for StarDist - Object Detection with
Star-convex Shapes15

https://github.com/StarDist/StarDist
https://imagej.net/StarDist

Fiji plugin for CSBDeep (Require to use StarDist) https://github.com/CSBDeep/CSBDeep_fiji

SpotFire (Desktop Version 11.4.2) Tipco RRID:SCR_008858

Prism (Version v9.4.0) GraphPad RRID:SCR_005375

Other

CO2 incubator, temperature 37�C, 5% CO2,
95% humidity, HeraCell 150

Thermo Fisher Scientific Cat# 51026282

DMEM with 4,5 g/L of glucose Biowest Cat# L0101-500

Fetal bovine serum (FBS) Thermo Fisher Scientific Cat# 10270

2 mM L-glutamine EUROBIO Cat# CSTGLU00-0U

10 UI/mL Penicillin, 100 mg/mL Streptomycin EUROBIO Cat# CABPES01-0U

Accutase Biowest Cat# L0950

Automated cell counter TC20 Bio-Rad Cat# 1450102

Cell counting dual-chamber slide Bio-Rad Cat# 1450003

6-well tissue culture plates TPP Cat# 9206

Conical tubes, 15 mL and 50 mL TPP Cat# 191015 and 19050

Pipets P1000, P200, P20, P10 Gilson

Vacuum pump Rocker Cat# 169300-22

Round coverslip, 22 mm diameter, #11/2
(0.16–0.19 mm)

Electron Microscopy Sciences Cat# EM-72224-01

GSR D1� gamma irradiator Gamma-Service Medical GmbH

Humidity chamber StainTray M920 Cat# 631-1923

Microscopy slides Epredia� SuperFrost Plus�
Adhesion slides

Thermo Fisher Scientific Cat# 10149870

Autofluorescent plastics slides Chroma Cat# 92001

Transparent nail polish Mavala colorless N�43
NuPAGE Novex 4%–12% Bis-Tris pre-cast gels Thermo Fisher Scientific Cat# NW04120BOX

NuPAGE Transfer Buffer Thermo Fisher Scientific Cat# NP0006

Nitrocellulose membrane Amersham Protran Cat# 10600001

Widefield inverted microscope DMI6000B with
Adaptive Focus Control system

Leica Microsystems Cat# 11888945

HC PL APO 403/0,95 CORR objective Leica Microsystems Cat# 506414

Lumen 200S Fluorescence Illumination System Prior Scientific Cat# L200S

Motorized scanning stage for DMI6000B Märzhäuser Cat# SCAN IM 127x83

Two fast filter wheel Lambda 10-3, one for
excitation and one for emission

Sutter Instrument� Cat# LB10-3

Quad Sedat D/F/Cy3/Cy5 band dichroic mirror Semrock�/AHF
analysentechnik AG

Cat# F66-988

Band-pass filter for DAPI excitation AT350/503 Chroma Technology/AHF
analysentechnik AG

Cat# F34-000SG

Band-pass filter for FITC excitation ET490/203 Chroma Technology/AHF
analysentechnik AG

Cat# F49-490SG

Band-pass filter for CY3 excitation ET555/253 Chroma Technology/AHF
analysentechnik AG

Cat# F49-555SG

Band-pass filter for CY5 excitation ET645/303 Chroma Technology/AHF
analysentechnik AG

Cat# F49-645SG

Band-pass filter for DAPI emission ET455/50m Chroma Technology/AHF
analysentechnik AG

Cat# F47-456

Band-pass filter for FITC emission ET525/36m Chroma Technology/AHF
analysentechnik AG

Cat# F47-526

Band-pass filter for CY3 emission ET605/52m Chroma Technology/AHF
analysentechnik AG

Cat# F47-606

Band-pass filter for CY5 emission ET705/72m Chroma Technology/AHF
analysentechnik AG

Cat# F47-705

ORCA-Fusion Digital sCMOS camera Hamamatsu� Cat# C14440-20UP
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MATERIALS AND EQUIPMENT

Image acquisition system

� A widefield inverted microscope allowing for the acquisition of large number of nuclei per image.

It is equipped with an adaptive focus control system that detects the surface of the coverslip to

correct focal drift throughout multidimensional acquisition.

� A dry 403 objective, plan Apo correction, numerical aperture 0.95 was selected. The use of a

dry objective facilitates XY stage displacement. The high numerical aperture for the dry objec-

tive allows for smaller structures to be visualized, protein foci in this particular protocol.

Coverslips with 0.16–0.19 mm (#11/2) thickness are used to match the objective coverslip

correction.

� The Lumen 200S Fluorescence Illumination System is the high-power metal halide fluorescent

lamp used as the light source.

� To reduce pixel shift between wavelengths and optimize multi-wavelength acquisition, our system

is equipped with two fast filter wheels and a quad band dichroic mirror mounted on an empty bloc

filter adapted for the widefield inverted microscope. Excitation and emission filters bandpass are:

� DAPI filters (AHF-Chroma, excitation 350/50, emission 455/50).

� FITC filters (AHF-Chroma, excitation 490/20, emission 525/36).

� Cy3 filters (AHF-Chroma, excitation 555/25, emission 605/52).

� Cy5 filters (AHF-Chroma, excitation 645/30, emission 705/72).

� ORCA-Fusion Digital sCMOS camera with pixel size of 6.5 mm2 was combined with the selected

objective for maximum image resolution. The effective pixel size on the image is 0.1625 mm.

� Motorized stage enabling automatic capture of multiple fields of view (XY dimension, no Z

series are captured). The nD-SCAN module is the software implemented in the imaging

software MetaMorph� (Version 7.10.4.407) to set up the 2D scanning area during multidimen-

sional acquisition.

Alternatives: Acquisition systems including widefield inverted microscope implemented with

an autofocus system, amotorized scanning stage, fast filter wheel and a high-resolution digital

camera is compatible with multidimensional acquisition for QIBC.

� 10 mM EdU stock solution: dissolve 50 mg of EdU in 20 mL of DMSO.

� 10 mM camptothecin (CPT) stock solution: dissolve 100 mg of CPT in 28.7 mL of DMSO.

� 4% and 3% Paraformaldehyde (PFA) Fixation solution: dilute 1 volume of PFA 16% (v/v) in 3 vol-

umes of Phosphate Buffered Saline (PBS) or in 4.33 volumes of PBS respectively. The PAF-PBS fix-

ation solution requires extemporaneous preparation. Unused 16% PFA can be stored at -20�C for

several weeks and should not be refrozen after thawing.

CRITICAL: paraformaldehyde is toxic. Please read the MSDS before working with this

chemical. Gloves and safety glasses should be worn and solutions must be handled inside

a fume hood.

DMEM Complete Medium for cell culture

Reagent Final concentration Amount

DMEM with 4,5 g/L of glucose N/A 440 mL

Fetal Bovine Serum (FBS) 10% (v/v) 50 mL

2 mM L-glutamine 2 mM 5 mL

mix of Penicillin and Streptomycin 10 UI/mL and 100 mg/mL respectively 5 mL

Total N/A 500 mL

ll
OPEN ACCESS

STAR Protocols 4, 102446, September 15, 2023 7

Protocol



� CSK-Triton buffer: CSK buffer supplemented with 0.5% Triton X-100.

CRITICAL: Triton is dangerous in case of eye contact, if swallowed or inhaled.

� 1 mM Alexa-Fluor-488-Azide stock solution: dissolve 5 mg of Alexa-Fluor-488-Azide in 0.58 mL of

DMSO. Store in aliquots at �20�C for up to one year, protect from light.

� 1 M Sodium ascorbate solution: dissolve 198.11 mg of sodium ascorbate in 1 mL PBS, requires

extemporaneous preparation. Limit air exposure and place on ice until use.

Click-it reaction mix

CRITICAL: Strictly respect the order of solutions addition, requires extemporaneous

preparation.

� 2% BSA saturation buffer: dissolve 2 g of BSA in 100 mL PBS, requires extemporaneous

preparation.

Mowiol-mounting media

Note: put 6 g of glycerol in a 50 mL plastic centrifuge tube and a small stir bar, add 2.4 g Mo-

wiol 4–88 and stir to mix. While stirring, add 6 mL of UltraPure� DNase/RNase-free distilled

water and leave for 2 h at 18�C–22�C. Add 12 mL of 0.2 M Tris-HCl buffer, pH 8.5. The final

volume will be 24 mL. Incubate the tube in a 50�C water bath for 10 min, repeat several times

until the majority of the Mowiol powder goes into solution (this can take several hours). Add

2.5% (w/v) DABCO and vortex until dissolved. Centrifuge at 5000 g for 15 min to remove any

undissolved solids. Carefully remove the supernatant and aliquot into 1.5 mL tubes. Store in

aliquots at�20�C. The refractive index (RI) of Mowiol-mounting media should be close to 1.4.

CSK buffer

Reagent Final concentration Amount

PIPES pH 6.8 (100 mM) 10 mM 5 mL

NaCl (2.5 M) 100 mM 2 mL

Sucrose (2 M) 300 mM 7.5 mL

MgCl2 (1 M) 3 mM 150 mL

cOmpleteTM, Mini, EDTA-free Protease Inhibitor Cocktail N/A 1 tablet

H2O N/A 35.35 mL

Total N/A 50 mL

Reagent Final concentration Amount

PBS N/A 897.5 mL

Sodium ascorbate (1 M) 100 mM 100 mL

CuSO4 (1 M) 2 mM 2 mL

Alexa-Fluor-488-Azide (1 mM) 0.5 mM 0.5 mL

Total N/A 1000 mL

Reagent Final concentration Amount

Glycerol 25% (w/v) 6 g

Mowiol 4-88 100 g/L 2.4 g

Tris-HCl 0.2 M, pH 8.5 0.1 M 12 mL

DABCO 2.5% (w/v) 0.6 g

UltraPure� DNase/RNase-free distilled water N/A 6 mL

Total N/A 24 mL
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For quality control, RI of frozen Mowiol-mounting media should be compared with a refrac-

tometer to that of the freshly prepared batch with a refractometer. Mowiol-mounting media

RI varies between batches and increases during hardening.

� DAPI stock solution: dissolve 5 mg of DAPI in 1 mL of UltraPure� DNase/RNase-free distilled wa-

ter. Store in aliquots at �20�C for up to one year.

� 1 mg/mL DAPI working solution: dilute the DAPI stock solution by a factor of 5000 in PBS, requires

extemporaneous preparation.

STEP-BY-STEP METHOD DETAILS

Part 1: Cells preparation

Timing: 1 h + 48 h for cell growth (for steps 1 to 7)

Plate cells on coverslips for the negative controls and the experimental samples.

Note: Activation of the DNA-damage response (DDR) consists in a cascade of events initiated

by the loss of DNA integrity. At the center of the DDR is the chromatin component histone 2A

variant (H2AX) that is phosphorylated on the serine residue 139 forming the DNA damage

mark gH2AX. Gamma irradiation-induced DNA damages activates PI3K-like kinases, a family

including ataxia telangiectasia mutated (ATM), ataxia telangiectasia and Rad3-related (ATR)

and DNA-dependent protein kinase (DNA-PK),21,25 which in turn leads to gH2AX foci forma-

tion (Figure 1). The histone mark gH2AX is also induced by perturbation of the DNA replica-

tion process, known as replication stress. Treatment with agents that deplete the nucleotide

pool (hydroxyurea), inhibit DNA polymerases (aphidicolin), induce DNA crosslinks and bulky

lesions (cisplatin) or target topoisomerase I and II (camptothecin and etoposide, respectively),

impair the progression of DNA replication forks. The pattern of gH2AX signal can vary from

the formation of discrete foci to global nuclear staining referred to as pan-nuclear staining

(Figure 2). Spreading of the gH2AX mark over large chromosomic regions surrounding an un-

repaired double-strand break (DSB) promotes chromatin binding of other DDR factors

including the TP53-binding protein 1 (53BP1)26,27 (Figures 3 and 4). The recruitment of

53BP1 at DSB involves several reader domains interacting with specific histone marks.22,28

53BP1 recruitment at damaged DNA involves direct interaction of the two 53BP1 BRCA-car-

boxyterminal (BRCT) repeats with locally induced gH2AX29,30 and the recognition by the ubiq-

uitin-dependent motif (UDR) of the DNA damage-induced ubiquitylated H2AK15 marks.31

The TUDOR domain of 53BP1 can interact with the di-methylated histone H4

(H4K20me2)32,33 that are unmasked in response to DNA damage34,35 and the dilution of

H4K20me2 with H4K20me0 during DNA replication reduces the recruitment 53BP1 to DBSs

in the S/G2 phase.36,37 These DNA damage specific histone marks along with the 53BP1

oligomerization38,39 domain and liquid–liquid phase separation (LLPS) condensates40,41,42

stimulate the assembly of 53BP1 compartments around the damaged chromatin, and these

biomolecular condensates are proposed to provide an environment protecting from DNA

end-resection that favors DSB repair by non-homologous end-joining (NHEJ) during the G1

phase of the cell-cycle.

1. Start with a logarithmically growing U-2 OS cells culture.

2. Remove the medium and rinse once with PBS.

3. Cover the cells with Accutase to dissociate the cells.

4. Count the cells with a BioRad cell counter.

5. Place one 22 mm diameter coverslip per well of a 6 wells plate.

6. Rinse the coverslip with 2 mL of PBS, aspirate the PBS so that the coverslips hold by capillary ac-

tion to the bottom of the well. Seed 105 cells per well in 2 mL of cell culture medium.
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7. Incubate the cells in a CO2 incubator for 48 h.

Note: The number of plated cells need to be optimized for each cell line to ensure a log-phase

growth on the day of the EdU pulse.

CRITICAL: Negative controls must be included in the experimental set up. Negative con-

trols are essential to identify the delimitation between negative and positive signals during

QIBC analysis (see Multiparametric data visualization section, Figures 1B and 3B). The

Figure 1. IR-induced gH2AX foci number is dependent on the cell’s DNA content

Asynchronously growing U-2 OS cells were left untreated or treated with 2 Gy of IR and allowed to recover for 30 min.

Cells were subsequently treated with extraction buffer (CSK-Triton 0.5%) before fixation with paraformaldehyde,

staining for DNA content, EdU and gH2AX signal for quantitative image-based cytometry analysis. (A) Representative

images for DAPI, EdU and gH2AX (invert LUT) detection are presented. Right panels: nuclei segmented with the in

house developed Fiji-script (02_StarDist-QIBC_v12.ijm) are outlined in yellow and the nuclei cell-cycle phase is

indicated. The full sizes of acquired images is 2034 3 2034 pixels, an 800 3 800 pixels sector is presented for each

wavelength. Scale bar: 20 mM. (B) Multivariate scatter plots displaying QIBC analysis from (A) representing the

relationship among nuclei total DAPI intensity (X-axis), mean EdU intensity (Y-axis) and gH2AX foci number (color

gradient). The number of analyzed nuclei (n) is indicated for each sample. Samples for which the EdU pulse was

omitted are used to position the horizontal line delineating the EdU negative nuclei (G1 and G2) from the EdU positive

(S-phase). (C) Number of gH2AX foci per nuclei as a function of the cells-cycle phase from untreated cells or cells

treated with 2 Gy of IR. The bounds of the box are 25–75th percentile, center shows the median, whiskers indicate the

5–95 percentiles and the data points outside of this range are drawn as individual dots. Statistical analysis was

performed with Prism (GraphPad) software. Data were analyzed with the two-tailed non-parametric Kruskal-Wallis test

followed by a two-stage linear set-up procedure of Bonferroni, Kreiger and Yekutieliwas.
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control samples are treated identically to the experimental group except for the variable

being tested (see steps 8, 14 and 17, Figures 1B, 3B, and 4).

Part 2: Cells treatments and fixation

Timing: 1 h 25 min to 2 h 15 min (for steps 8 to 10)

The cells are treated and fixed to prepare the negative controls and experimental samples.

8. EdU pulse

Figure 2. gH2AX activation in response to camptothecin is restricted to S-phase cells

Asynchronously growing U-2 OS cells were left untreated or treated with 1 mM of camptothecin (CPT) for 1 h. Cells

were subsequently treated with extraction buffer (CSK-Triton 0.5%) before fixation with paraformaldehyde and

staining for DNA content, EdU and gH2AX signal for quantitative image-based cytometry analysis. (A) Representative

images for DAPI, EdU and gH2AX (invert LUT) staining are presented. Right panels: nuclei segmented with the in

house developed Fiji-script (02_StarDist-QIBC_v12.ijm) are outlined in yellow and nuclei cell-cycle phase is indicated.

The acquired images full size of acquired images is 2034 3 2034 pixels, an 800 3 800 pixels sector is presented for

each wavelength. Scale bar: 20 mM. (B) Multivariate scatter plots displaying QIBC analysis from (A) representing the

relationship among nuclei total DAPI intensity (X axis), mean EdU intensity (Y axis) and gH2AX mean intensity (color

gradient). Number of analyzed nuclei (n) is indicated for each sample. (C) gH2AX signal intensity as a function of the

cell-cycle phase in nuclei of untreated cells or cells treated with CPT. The bounds of the box are 25–75th percentile,

center shows the median, whiskers indicate the 5–95 percentiles and the data points outside of this range are drawn as

individual dots. Statistical analysis was performed with Prism (GraphPad) software. Data were analyzed with the

two-tailed non-parametric Kruskal-Wallis test followed by a two-stage linear set-up procedure of Bonferroni, Kreiger

and Yekutieliwas.
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Figure 3. 53BP1 foci formation does not affect the 53BP1 signal intensity

Asynchronously growing U-2 OS cells were left untreated or treated with 2 Gy of IR and allowed to recover for 30 min.

Cells were subsequently fixed with paraformaldehyde and then permeabilization with PBS-Triton 0.2% and stained for

DNA content, EdU and 53BP1 signal for quantitative image-based cytometry analysis. (A) Representative images for

DAPI, EdU and 53BP1 (invert LUT) staining are presented. The full size of acquired images is 2034 3 2034 pixels, an

800 3 800 pixels sector is presented for each wavelength. Scale bar: 20 mM. (B and C) Multivariate scatter plots

displaying QIBC analysis representing the relationship among nuclei total DAPI intensity (X axis), mean 53BP1

intensity (Y axis) and 53BP1 foci number (color gradient) for cells left untreated or treated with 2 Gy of IR as indicated.

The negative controls (in B) are the samples incubated only with the anti-Mouse Alexa-Fluor-647 secondary antibody,

whereas the 53BP1 antibody staining (in C) corresponds to the experimental samples first incubated with the 53BP1

primary antibody followed by an incubation with the anti-Mouse Alexa-Fluor-647 secondary antibody. The number of

analyzed nuclei (n) is indicated for each sample. (E) For the same cells shown in (D), the 53BP1 foci counts per nucleus

were normalized at the single cell level to DNA content to account for increasing damage load with increasing DNA

amount. (F) Box-plot representation of the number of 53BP1 foci counts per nucleus normalized to the nucleus DNA

content in the indicated condition and cell-cycle phase. The bounds of the box are 25–75th percentile, center shows
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CRITICAL: To position the delimitation between the EdU negative and EdU positive nuclei,

an EdU-pulse free negative control should be included (Figure 1).

a. Replace the medium with 2 mL of 37�C pre-warm medium containing 25 mM EdU. Store the

10 mM EdU stock in aliquots at �20�C for up to one year, protect from light.

b. Incubate the cells for 8 min in the CO2 incubator.

c. Remove the EdU containing medium.

d. Rince the cells once with 37�C pre-warmed fresh medium and proceed with cells treatment

with camptothecin (step 9a.) or cells irradiation (step 9b.).

9. Cells treatment.

a. Cells treatment with camptothecin (CPT).

CRITICAL: Camptothecin is a carcinogen and toxic if swallowed.

i. Add 2mL of pre-warmed fresh medium supplemented with 1 mMCPT for the treated cells

or 2 mL of pre-warmed fresh medium without CPT for untreated (control) sample. Store

the 10 mM CPT stock in aliquots at �20�C for up to three months, protect from light.

ii. Incubate the cells for 1 h in the CO2 incubator at 37�C.
iii. Remove the medium.

iv. Place the culture plate on an ice bed and proceed with step 10.

b. Cells irradiation at 2 Gy.

i. Add 2 mL of pre-warmed fresh medium and proceed with the 2 Gy irradiation, the irradi-

ation step is omitted for the unirradiated (control) sample.

ii. Incubate the cells for 30 min in the CO2 incubator.

iii. Remove the medium.

iv. Place the culture plate on an ice bed and proceed with step 10.

10. Cell fixation for gH2AX detection or 53BP1 detection.

Note: culture plate containing the coverslip should remain on ice bed for step 10.

CRITICAL: For the detection of strongly chromatin-bound proteins or chromatin compo-

nents including gH2AX, nuclear soluble-proteins could be pre-extracted by treating the

cells with Triton-containing buffer prior to paraformaldehyde fixation. For this procedure,

users are invited to continue with step 10.a. For the detection of proteins that are forming

nuclear condensates and/or, are associated with chromatin (including 53BP1), or for the

detection of nuclear soluble proteins, cells should be fixed with paraformaldehyde prior

to permeabilization to avoid protein wash out (also see the troubleshooting section).

For this, users are invited to continue with step 10.b.

a. Pre-extraction and fixation for gH2AX detection.

i. Rince the cells twice with 2 mL of ice-cold PBS.

ii. Rince the cells with 2 mL of ice-cold CSK buffer. Store the CSK buffer in aliquots at�20�C
for several weeks.

iii. Cells are permeabilized for 5 min with 2 mL of ice-cold CSK-T buffer with agitation on

orbital shaker at 45 rpm. Store the CSK-T buffer at �20�C for several weeks.

iv. Wash the cells with 2 mL of ice-cold CSK buffer for 1 min with agitation (45 rpm).

v. Rince the cells once with 2 mL of PBS at 18�C–22�C.

Figure 3. Continued

the median, whiskers indicate the 5–95 percentiles and the data points outside of this range are drawn as individual

dots. Statistical analysis was performed with Prism (GraphPad) software. Data were analyzed with the two-tailed non-

parametric Kruskal-Wallis test followed by a two-stage linear set-up procedure of Bonferroni, Kreiger and

Yekutieliwas.
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Figure 4. decreased 53BP1 foci formation by 53BP1 siRNA

Asynchronously growing U-2 OS cells were left untransfected or transfected with control siRNA (siCTL) or 53BP1 siRNA

(si53BP1) Individual siRNA transfections were performed for 72 h with siRNA from Dharmacon using Lipofectamine

RNAiMAX. The siRNAs used were the Non-targeting Pool (siCTL); ON-TARGET plus Smart pool Human TP53BP1

siRNA (si53BP1). Cells were subsequently fixed with paraformaldehyde and then permeabilization with PBS-Triton

0.2% and stained for DNA content, EdU and 53BP1 signal for quantitative image-based cytometry analysis. (A)

Representative images for DAPI, EdU and 53BP1 (invert LUT) staining are presented. The full size of acquired images is

2034 3 2034 pixels, an 800 3 800 pixels sector is presented for each wavelength. Scale bar: 20 mM. (B) 53BP1 level

assessed by immunoblotting. Individual siRNA transfections were performed for 72 h with the indicated siRNA. Cells

were lysed in 8 M urea, 50 mM Tris HCl, pH 7.5 and 150 mM b-mercaptoethanol, sonicated and heated at 90�C for

10 min. Samples were subjected to electrophoresis in NuPAGE Novex 4–12% Bis-Tris pre-cast gels (Thermo Fisher

Scientific, Catalog # NW04120BOX), proteins were subjected to western transfer onto the nitrocellulose membrane

with the NuPAGE Transfer Buffer. Primary antibodies for immunoblotting were used the following concentrations:

mouse anti-53BP1 antibody (1:1000), mouse anti-a-Tubulin antibody (1:1000) and secondary horseradish peroxidase

conjugated goat anti-mouse IgG antibody (1:10000). (C) Multivariate scatter plots of QIBC analysis presenting the
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vi. Incubate the cells in 1.5 mL of freshly prepared PFA 4% (v/v) fixation solution for 20 min

at 18�C–22�C without shaking.

vii. Wash the cells three times for 5 min with 2 mL of PBS at 18�C–22�C .

viii. Proceed with cells staining (Part 2).

Pause point: Alternatively, fixed cells can be preserved in PBS at 4�C for up to a week.

b. Fixation and permeabilization for 53BP1 detection.

i. Rince the cells twice with 2 mL of ice-cold PBS.

ii. Incubate the cells in 1.5 mL of freshly prepared PFA 3% (v/v) fixation solution for 15 min at

18�C–22�C without shaking.

iii. Wash the cells three times for 5 min with 2 mL of PBS at 18�C–22�C .

iv. Cells are permeabilized for 5 min with 2 mL of PBS supplemented with 0.2% Triton X-100

at 18�C–22�C with agitation (45 rpm).

v. Wash the cells with 2 mL of PBS with agitation (45 rpm) at 18�C–22�C .

vi. Proceed with cells staining (Part 2).

Pause point: Fixed cells can be preserved in PBS at 4�C for up to a week.

Part 3: Sample staining

Timing: 1 h 15min + 16 h incubation + 3 h 30 min (for steps 11 to 23)

EdU staining and immunolabeling of the negative controls and the experimental samples.

11. Click-it reaction for EdU detection.

Note: Samples are protected from light during incubation time.

a. Transfer coverslips in the humidity chamber with the side containing the cells facing up.

b. Cover the sample with 250 mL of freshly prepared Click-it solution, incubate for 1 h at

18�C–22�C.
c. Wash the coverslip once with PBS (0.5 mL/cm2) for 5 min with agitation (45 rpm).

Note: For convenience washes are performed in 6-well tissue culture plates in 2 mL of PBS for

22 mm diameter coverslip.

12. Samples are saturated with 250 mL of freshly prepared 2% BSA saturation buffer for 16 h at

4�C.

Figure 4. Continued

relationship among nuclei total DAPI intensity (X-axis) and 53BP1 foci counts per nucleus normalized at the single cell

level to DNA content (Y-axis). The untransfected sample was incubated only with the anti-Mouse Alexa-Fluor-647

secondary antibody, whereas the siCTL and the si53BP1 experimental samples were first incubated with the 53BP1

primary antibody followed by an incubation with the anti-Mouse Alexa-Fluor-647 secondary antibody. Number of

analyzed nuclei (n) is indicated for each sample. (D) Box-plot representation of the number of 53BP1 foci counts per

nucleus normalized to nucleus DNA content for the indicated condition and cell cycle phase. The bounds of the box

are 25–75th percentile, center shows the median, whiskers indicate the 5–95 percentiles and the data points outside of

this range are drawn as individual dots. Statistical analysis was performed with Prism (GraphPad) software. Data were

analyzed with the two tailed non-parametric Kruskal-Wallis test followed by a two-stage linear set-up procedure of

Bonferroni, Kreiger and Yekutieliwas.
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Note: Alternatively, the samples can be incubated 1 h at 18�C–22�C in 2% BSA saturation

buffer.

13. Wash 2 times with 2 mL PBS for 5 min with agitation (45 rpm).

14. When gH2AX is detected, cover the sample with 250 mL of anti-gH2AX antibody at 1:500 dilu-

tion in freshly prepared 2% BSA saturation buffer. When 53BP1 is detected, cover the sample

with 250 mL of anti-53BP1 antibody at 1:750 dilution in freshly prepared 2% BSA saturation

buffer.

CRITICAL: Controls for primary antibody specificity controls should be included. For

illustration, the specificity of the gH2AX primary antibody is confirmed by the detec-

tion of gH2AX foci induced in all phase of the cell cycle in response to IR, and by

the specific induction of the gH2AX signal in S-phase cells by replication stress (Fig-

ures 1 and 2).

CRITICAL: Primary antibodies that have not previously been characterized in QIBC anal-

ysis should be validated using gene-knockout cells or siRNA-mediated knockdown. As

an example, the specificity of the 53BP1 primary antibody was confirmed by applying

the QIBC pipeline to 53BP1 siRNA treated cells and to control siRNA treated cells

(Figure 4).

15. Sample covered with the primary antibody dilution are incubated in the humidity chamber for

1 h at 18�C–22�C .

Note: Alternatively, when samples are incubated in 2% BSA saturation buffer for 1 h (step 12),

then incubate the samples 16 h at 4�C with the primary antibody dilution.

16. Wash 2 times with 2 mL PBS for 5 min with agitation (45 rpm).

17. Incubate the sample with 250 mL of freshly prepared anti-Mouse Alexa Fluor 647 secondary

antibody diluted at 1:500 in 2% BSA saturation buffer, for 1 h at 18�C–22�C, in the humidity

chamber.

CRITICAL: Negative control is recommended to validate the secondary antibody speci-

ficity by incubating the dedicated sample in 2% BSA saturation buffer without primary

antibody (step 14, Figures 3 and 4) and subsequently incubate this sample with the sec-

ondary antibody dilution (step 17).

Note: The present protocol describes single protein immunofluorescence staining. Howev-

er, the same protocol can be applied for dual protein staining if the cell preparation pro-

cedure for immunostaining is compatible with two proteins detection (step 10). For immu-

nostaining, the sample is incubated with a mix of the two primary antibodies specifically

directed against each protein and raised in different host species (step 14). The sample

is then incubated with a mix of the two secondary antibodies (step 17) directed against

the corresponding host and coupled to distinct fluorophore.

18. Wash with 2 mL of PBS 2 times for 5 min with agitation (45 rpm).

19. Label the nuclei with 1.5 mL of freshly prepared 1 mg/mL DAPI working solution for 20 min at

18�C–22�C in the dark. Store the 5 mg/mL DAPI stock solution in aliquots at �20�C for up to

one year.

20. Wash with 2 mL PBS 2 times for 5 min with agitation (45 rpm).
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21. Dispense 20 mL of Mowiol mounting medium for fluorescence on the top of a microscope slide

andmount the coverslips with cells in contact with themountingmedium. Mowiol mountingme-

dia is stored in aliquots at �20�C for up to 1 year.

CRITICAL: Bubbles in the mounting media interferes with the automatic focusing. Allow

for Mowiol hardening at 18�C–22�C, protected from light, before acquisition or sample

storage at 4�C.

22. Seal the edges of the slides with nail polish to prevent drying.

23. Proceed with sample imaging step 24.

Pause point: Coverslips mounted on microscope slide can be store at 18�C–22�C for few

days or at 4�C for long term storage.

Part 4: Sample imaging for quantitative image-based cytometry

Timing: 30 min + z10 min per condition

24. Start the acquisition system.

a. Turn on the fluorescence lamp, the microscope and the camera at least 20 min before start-

ing the session to allow for the system to stabilize.

b. Let the sample slides equilibrate at 18�C–22�C for 20 min before the acquisition to reduce

drift due to temperature variation between the microscope room and the slides.

c. Select the 403 dry objective and adjust the focus on the DAPI signal.

d. Run the stage calibration.

Note: Performing the stage calibration prevents contiguous images overlapping during X and

Y displacement of the stage when performing software-controlled automatic acquisition of

multiple fields of view.

25. Select the appropriate filters for sequential fluorescent signal acquisition starting with the

longest and ending with the shortest wavelength.

Note: To reduce pixel shift between wavelengths and optimizemultiwavelength acquisitions, two

filterwheels equippedwith single-band filters are used in combinationwith a quaddichroicmirror.

26. Adjust theexposition time foreachwavelengthsuch that themaximumdynamic range isfilled to80%.

Note: For a camera in 16-bits, the grayscale pixel values should range from 0 to 52 000.

CRITICAL: All samples of the experiment should be quickly controlled to set up the fluo-

rescence lamp intensity and the camera exposure according to the highest signal for each

wavelength in samples across the experiment.

27. Move the objective to the center of the coverslip.

28. Randomly define 10 3 10 images acquisition zone around this position.

CRITICAL: At least 3000 nuclei are required for suitable cell-cycle phase assignment,43 this

is usually met with 100 images per sample, if not, the number of images should be adjusted

accordingly.
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29. Activate the hardware adaptive focus control.

30. Start the acquisition.

CRITICAL: The fluorescence lamp intensity and the exposition time are kept identical for

all samples across the experiment. Samples that are part of an experiment must all be

imaged during the same acquisition session.

31. Sample shading images are generated for each experimental wavelength at the end of the

acquisition session.

Note: Heterogeneous field illumination due to widefield acquisition needs to be corrected

for accurate quantitative QIBC analysis. Field illumination correction requires shading im-

ages for the execution of the Fiji-script ‘‘01_Shading-Dark correction_v2.ijm’’ (step 35). The

shading images are generated for each experimental wavelength by averaging three

frames and are obtained by imaging an autofluorescent plastic slide (Chroma�) at an

exposure time and lamp power adjusted such that grayscale pixel values do not exceed

52 000 for a camera in 16 bits.

32. Dark-current images are generated for each experimental wavelength at the end of the acqui-

sition session.

Note:Correction to remove the noise intensity value coming from the electronic of the camera

requires dark-current images for the execution of the Fiji-script ‘‘01_Shading-Dark correc-

tion_v2.ijm’’ (step 35). Dark-current images are generated for each experimental wavelength

by averaging three frames and are acquired for each wavelength with the fluorescent lamp

switch OFF with the exposure time used during samples acquisition.

Part 5: Image analysis and data extraction

Timing: 2 h per condition

Note: Proceed directly to step 34 if the images files extensions are ‘‘.tif’’ or ‘‘.TIF’’ and that

each channel is saved as a separate image file which name includes the letter ‘‘C’’ or ‘‘c’’ fol-

lowed by the channel number (C1, C2, C3, C4 or c1, c2, c3, c4).

33. Execute the Fiji-script ‘‘00_Convert Files to TIF’’.

a. drag and drop the script file in Fiji and click on the RUN button.

b. Select the folder containing the microscope file.

c. Select from the list the type of microscope image files.

d. A folder is automatically created where each channel image file is saved individually with the

extension (c1, c2, c3, c4). From this step, you can start the analysis with the two Fiji-scripts for

QIBC analysis.

Note: If foci count per nucleus is to be extracted with the ‘‘Number of Foci/Spots’’ Fiji-

script function, then proceed with step 34 to determine the prominence value that is the

value used to define local maxima where a maxima is considered as a foci/spot. Otherwise

go directly to step 35.

34. Determine the prominence value for foci/spot count.
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a. Open a channel image from which the foci/spot count is to be extracted.

b. Apply background subtraction: go to Process>Subtract background (rolling ball: 20; uncheck

light background).

c. Draw a regionof interest (ROI) containingone nucleus, zoom in to facilitate foci/spot visualization.

d. Open the maxima function: go to Process>Find Maxima, uncheck light background, for the

output type select Point Selection, check Preview point selection to directly highlight the

maxima from the selected nucleus.

e. Adjust the prominence value such that all visualized foci/spots are adequately detected by

the Find Maxima function.

f. Repeat this process on 4 to 5 channel images of an experimental condition to confirm that the

selected prominence value allows for the detection of foci/spot.

g. Verify that the selected prominence value is not leading to fauls positive foci/spot

by running the Find Maxima function on the experimental negative control images (sam-

ples where the EdU pulse was omitted or sample where the primary antibody was

omitted).

h. Repeat steps 34 for all channel images from which the foci/spot count is to be extracted.

35. Execute the Fiji-script ‘‘01_Shading-Dark correction_v2.ijm’’.

a. drag and drop the script file in Fiji and click on the RUN button.

b. Define the analysis settings in the opening dialogue box:

i. Select the image folder using the "Browse" menu.

ii. Check the image channel corresponding to the experiment.

iii. Specify the channels name. Keep the text box empty for unused channels.

iv. If the images are not calibrated, tick the calibration option and specify the pixel size in

microns. Otherwise, skip this step.

v. Click OK.

vi. Users are prompted to "Select a Shading image" and click OK. This step is repeated for

each channel.

vii. Users are then prompted to "Select a Dark-current image" and click OK. This step is

repeated for each channel.

viii. Images correction is completed when the message "Done" appears.
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CRITICAL: It is essential that the selected ‘‘Shading image’’ and ‘‘Dark-current image’’

are corresponding to the channel requested in the dialogue box title to avoid

faulty corrections that would invalidate the generated images for the following analysis

steps.

Note: The corrected image files are copied in the sub-folder ‘‘Corrected’’ automatically

created by the Fiji-script in the folder containing the raw image files.

36. Execute the Fiji-script ‘‘02_StarDist-QIBC_v12.ijm’’.

a. Drag and drop the script file in Fiji and click on the RUN button.

b. Define the analysis settings in the opening dialogue box:

i. In the ‘‘Image directory’’ select the ‘‘Corrected’’ image folder generated step 35 using

the "Browse" menu.

ii. Specify the name of the analyzed condition (e.g., Untreated, Irradiated).

Note: The selected name is attributed to the results containing excel spread sheet generated

by the analysis.

iii. From the list of numbers, select the number corresponding to the DAPI signal channel.

iv. Specify the minimum nucleus diameter, only objects with a calculated surface area above

the indicated specification are included in the analysis.

Note: Defaults minimum nucleus diameter is set at 8 mm and objects area smaller than

50.2 mm2 are ignored from the analysis.
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v. When "Add manual step for selection of nucleus ROI" is ticked, users are prompted

to manually validate, for each image of the folder the nucleus ROI detected by

StarDist.

Note: This step allows for manual elimination from the nuclei ROI list of any miss-segmented

objects. Untick this box for fully automated analysis. Information about the objects included

in the nuclei ROI list are automatically exported in the results table.

vi. Select the channels number (1 corresponding to the image C1) to be analyzed, the DAPI

channel must not be included.

vii. Click OK.

Note: in addition to object size filtration using the minimum nucleus diameter param-

eters (iv), objects that are in contact with the edge of the image are automatically

excluded.

37. Define the settings for StarDist nuclei segmentation in the opening dialogue box.
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Note: From the scrolling menu, select the StarDist model to be applied for nuclei segmenta-

tion. Robust nuclei segmentation from U-2 OS cells is obtained by applying the ‘‘versatile

(fluorescent nuclei)’’ built-in model, a model adapted for the automated segmentation

ovoid-round nuclei, with the default parameters (Percentile low 0, Percentile high 100, Prob-

ability score 0.5, 0verlap Threshold 0.4, Number of tiles 1 and Boundary Exclusion 2). Users are

referred to the Fiji plugin for StarDist15 web page (https://imagej.net/StarDist) parameters

guidelines. Alternatively, users can apply the QIBC analysis on cell lines requiring StarDist in-

tegrated models ‘‘DSB 2018 (from StarDist 2D paper)’’15 or any other open source available

model by selecting the ‘‘Model (.zip) from File’’.

38. In the next ‘‘Settings for C1 analysis’’ dialogue window users are prompted to define additional

settings related to the analysis of the corresponding channel image.

a. In the Channel 1 name (C1), users are prompted to specify a name for the signal analyzed in

channel 1 (e.g., EdU, gH2AX).

Note: The indicated name is included in the column header’s name in the results excel spread

sheet.

b. Tick the boxes to validate the parameters to be extracted.

c. Tick ‘‘Number of Foci/Spots’’ if necessary.

d. When the box ‘‘Number of Foci/Spots’’ is ticked, users must indicate the previously deter-

mined prominence value.

CRITICAL: Follow the prerequisite section (step 34) to determine the prominence value.
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e. Click OK.

39. Repeat step 38 for all other image channels selected (step 36.b.vi.).

40. The Fiji-script automatically executes the QIBC analysis for all corrected images of the selected

folder.

Note:When the "Add manual step for selection of nucleus ROI" is ticked (step 36.b.v.), users

are invited to validate the segmented objects. Objects from the ROI list can be removed. For

this, the object ROI is selected on the image and the ‘‘delete’’ button of the ROI manager win-

dow is clicked. The manual editing process is repeated for all images.

41. The fully automated analysis is complete when the message "All images in the folder have been

analyzed with StarDist plugin" is displayed.

Note: Automatically extracted parameters are saved in a new Excel spread sheet called

‘‘Results.xls’’ generated during the Fiji-script execution. The analyzed images QIBC Fiji-script

extracted parameters are detailed in the Table 1. The ‘‘Results.xls’’ file is saved in the folder

‘‘image folder’’ under the "QIBC_analysis" folder.

42. The Fiji-script execution generates a new ‘‘Label-Image’’ folder.

Note: The ‘‘Label-Image’’ folder generated by the execution of the Fiji-script contains for each

analyzed image an image on which StarDist segmented object are colored. The ‘‘ROI’’ folder

contains for each image the ROI list in a ‘‘.Zip‘‘ extension file. To open the ROI, drag and drop

the ‘‘.Zip’’ file into Fiji. The ROI will automatically be loaded to the ROI manager window.

Part 6: Multiparametric data visualization with Spotfire� software (TIBCO)

Timing: 1 h to 2 h

The use of data visualization tool, such as Spotfire, allows users to cross-analyze the protein param-

eters in the context of the cell cycle at the individual cell level, thus providing in depth information

from asynchronous cell populations.

Note: The dot plots of asynchronous cell populations presented in Figures 1, 2, 3, and 4 were

generated with Spotfire� software (TIBCO). Cell cycle staging based on total DAPI intensities

and Mean EdU intensities was performed to discriminate cells into 3 sub-populations (G1,

S and G2). A second multidimensional analysis was then applied on the number of 53BP1 or

ll
OPEN ACCESS

STAR Protocols 4, 102446, September 15, 2023 23

Protocol



gH2AX foci or on the mean gH2AX intensities in the context of the cellcycle stage of the cell. For

visualizing discrete data in scatterplots, mild jittering (randomdisplacement of data points along

the discrete data axes) was applied in order to demerge overlapping data points. A template

(canvas) of Spotfire� dedicated to QIBC experiment is available for download on the Zenodo

platform. Follow the instructions provided in the video tutorial to execute the QIBC multipara-

metric data visualization for QIBC experiment (https://doi.org/10.5281/zenodo.8014997).

EXPECTED OUTCOMES

TheQIBC pipeline protocol was applied to gH2AX and 53BP1 in the context of the ionizing radiation

(IR) induced DNA Damage Response, for which we quantified about twice as many gH2AX foci in G2

irradiated cells as compared with G1 irradiated cells (Figure 1), as previously reported.12 This is

consistent with direct relationship between the cell’s DNA content which doubles from G1 to G2

and the numbers of gH2AX foci formation after DNA damage induced by IR. In addition, camptothe-

cin-induced replication stress specifically activated gH2AX in S-phase cells from an asynchronous

treated population (Figure 2). We also observed that the 53BP1 protein signal level remains stable

after IR and yet the protein is redistributed within the nucleus to form foci (Figure 3). This clearly il-

lustrates the usefulness of the multiparametric comparison offered by the QIBC approach. Finally,

our observations recapitulate previous studies12,37 showing that the number of 53BP1 foci normal-

ized to nucleus DNA content is higher in G1 and gradually decline as cells progress through the

cell cycle, in both untreated and IR-treaded cells (Figures 3 and 4). Overall, our QIBC pipeline pro-

tocol including publicly made available QIBC-scripts for Fiji, is providing a rapid and automated

analysis with minimal end-user intervention for unbiased nuclei segmentation and multi-parameter

extraction.

LIMITATIONS

Unbiased multi-parameters extraction for QIBC analysis relies on robust single nucleus segmenta-

tion a function provided by the Fiji-plugin for StarDist that is implemented in the open source

QIBC-script for Fiji presented here. StarDist includes multiple deep-learning based models for auto-

mated objects segmentation. Applying the ‘‘versatile (fluorescent nuclei)’’ built-in model with

default parameters is well adapted for the automated nuclei segmentation of cell lines with

ovoid-round nuclei such as the U-2 OS or RPE1-hTERT cells. However, the authors have not yet

applied the script to other cell lines. Users who wish to apply this QIBC pipeline to cell lines with

Table 1. Extracted image parameters reported in the ‘‘Results.xls’’ table

Column name Definition

General information Image_Name The image name

Nucleus_Name ROI number of each segmented nucleus

Measurements in the
DAPI image

DAPI_Nucleus_Mean Intensity Average gray value within the nucleus ROI obtained by taking the sum of the gray
values of all pixels in the nucleus ROI divided by the number of pixels

DAPI_Nucleus_Total Intensity Values are the sum of all pixel intensity over the ROI area, this value corresponds the
raw integrated density (‘‘RawIntDen’’) parameter in Fiji

Nucleus_Area (mm2) Area of the nucleus

Nucleus_Circularity Circularity of the nucleus

Nucleus_Aspect Ratio Aspect ratio of the nucleus

Nucleus_Round Round of the nucleus

Nucleus_Fit Ellipse Major axis Major axis length after fitting the nucleus with an ellipse (mm)

Nucleus_Fit Ellipse Minor axis Minor axis length after fitting the nucleus with an ellipse (mm)

measurements in the other
channels according to the
selected parameters in
the Fiji-script

Channel_Nucleus_Mean
Intensity

Average gray value within the nuclei ROI obtained by taking the sum of the gray values
of all the pixels in the nuclei ROI divided by the number of pixels

Channel_Nucleus_Total
Intensity

The sum of all pixel intensity over the ROI area, this value corresponds the raw
integrated density (‘‘RawIntDen’’) parameter in Fiji

Channel_Nucleus_Number of
Spots: Prominance value:

The extracted value is obtained with the maxima function according to the chosen
prominence value (step 34)
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non-ovoid-round nuclei are invited to refer to the StarDist plugin web page (https://imagej.net/

StarDist) for StarDist parameters and/or for StarDist models selection.

The cross-analysis of DAPI total intensity per nucleus and mean EdU intensity per nucleus parame-

ters allows for cell-cycle staging of individual cells from asynchronously growing adherent cells.

Additional information about proteins of interest such as the mean signal intensity per nucleus or

protein foci count per nucleus can be extracted and cross analyzed with cell-cycle parameters.

Foci count per nucleus can be extracted using the Fiji Find Maxima function with a user defined

prominence value. However, the identification of discrete foci in samples showing high intensity,

high foci density or heterogeneous foci intensity and density is challenging. This is illustrated in

the camptothecin treated sample resulting in global nuclear staining for gH2AX in S-phase cells

(see Figure 2). Therefore, users are advised to apply the ‘‘Number of Foci/Spots’’ Fiji-script function

with careful consideration.

In this protocol, the Spotfire� software (TIBCO) was used to generate the Multivariate data visual-

izations presented in the figures. However other analytic platforms for business (including

GoodData, Oracle Analytics Server, Zoho Analytics) or the free software environment for statistical

computing and graphics R or Google Charts could also be used.

TROUBLESHOOTING

Problem 1

The detected DAPI intensity is outside the optimum dynamic range (related to step 26).

Potential solution

� For samples showing high DAPI intensity, the concentration of the DAPI working solution is

reduced to meet users working environment and cell line requirements (step 19).

� For samples showing low DAPI intensity, users are invited to increase the exposition time and if

necessary, increase the lamp intensity output %.

� The exposition time for all the wavelengths must be adapted such that the maximum dynamic

range is filled to 80% (for a camera in 16 bits, the grayscale pixel values should be ranging from

0 to 52 000).

Problem 2

Proteins pre-extraction before fixation step can introduce a bias in the analysis (related to step 10).

Potential solution

� The detection of strongly chromatin-bound proteins or chromatin components including gH2AX,

nuclear soluble protein can be pre-extracted by treating the cells with Triton-containing buffer

prior to paraformaldehyde fixation (step 10a).

� The detection of proteins that are forming nuclear condensates and/or are associated with chro-

matin (including 53BP1), or for the detection of nuclear soluble proteins, cells are fixed with para-

formaldehyde prior to permeabilization to avoid protein wash out (step 10b).

� The authors have compared the 53BP1 mean intensity per nucleus from samples pre-

extracted before fixation (step 10a) and from samples fixed before permeabilization (step

10b). It was observed that the 53BP1 mean intensity per nucleus was nearly 50% lower in un-

treated samples pre-extracted before the fixation as compared to that of samples fixed

before permeabilization (53BP1 mean signal intensity per nuclei is 2172 A.U. and 4007 A.U.,

respectively).
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Problem 3

Unexpected distribution of the cells in the G1, S and G2 phases of the cell cycle. Be aware that when

performing extended EdU pulse, the progression of the G1 cells into S phase and of the S phase cells

into G2 will result in miss cell cycle staging (related to step 8).

Potential solution

� The incubation time after the EdU pulse (step 8), prior to cell fixation should not exceed 1 h (step

10). The cell cycle staging precision is improved by reducing the timing between the EdU pulse

and the cells fixation.

� Verify that, more than one log difference in the EdU signal between the EdU negative and the EdU

positive nuclei is obtained with 1 h incubation in fresh media after the EdU pulse (step 8).

Problem 4

Focus loss during multipositioning acquisition (related to step 30).

Potential solution

� Air bubbles in the mounting media will interfere with the automatic focusing. If bubbles are pre-

sent in the Mowiol solution, wait until the bubbles rise to the surface before using for coverslip

mounting at step 21.

� Avoid using excess mounting media. Typically, 20 mL of Mowiol is dispensed on a glass slide for a

22 mm2 coverslip mounting at step 21.

� Mowiol is self-hardening once it is applied to the sample. Allow to harden for 6–16 h at 18�C–22�C
before samples acquisition or placing the samples at 4�C after step 21.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-

filled by Vincent Pennaneach (Vincent.Pennaneach@curie.fr).

Materials availability

No unique material were generated during this study, any information on the equipment reported in

this study should be directed to Vincent Pennaneach (Vincent.Pennaneach@curie.fr).

Data and code availability

The open-source Fiji-script reported in this study (00_Convert Files to TIF) and the in house devel-

oped Fiji-scripts (01_Shading-Dark correction_v2.ijm) and (02_StarDist-QIBC_v12.ijm) are avail-

able from the open repository Zenodo. Additional files available from the open repository

Zenodo, include corrected image files from each of the experimental condition described in this pro-

tocol article and generated from the raw images using the Fiji-script (01_Shading-Dark correction_

v2.ijm). Corrected images are ready for data extraction using the Fiji-script (02_StarDist-QIBC_

v12.ijm), the corresponding excel file generated by this Fiji-script (Corrected Images and QIBC ana-

lysis.zip) are also available. A solution with ready to use template (Canevas Spotfire) accompanied by

instructions (Spotfire_Application to QIBC) applicable for data visualization and cross parameter

analysis is proposed. All the forementioned files are downloadable from the Zenodo platform

(https://doi.org/10.5281/zenodo.8014997).
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