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Abstract

Our genome is duplicated during every round of cell division through the process of DNA replication, but this fundamental
process is subjected to various stresses arising from endogenous or exogenous sources. Thus, studying replication dynamics
is crucial for understanding the mechanisms underlying genome duplication in physiological and replication stress
conditions. Earlier, radioisotope-based autoradiography and density-labeling methods were used to study replication
dynamics, which were limited in spatial resolution, representing only average estimates from many DNA samples. Here, we
describe a DNA fiber assay that utilizes different thymidine analog incorporation, like 5-chloro-2’-deoxyuridine (C1dU) and
5-iodo-2’-deoxyuridine (IdU), into replicating DNA. Such labeled DNA can be stretched and fixed on silanized glass slides,
which are denatured with mild acidic treatment to expose the labeled nascent DNA. This DNA can then be visualized by
using primary antibodies against CldU and IdU, followed by fluorophore-conjugated secondary antibodies, and observing
them using a fluorescence microscope. The DNA fiber assay allows the visualization of individually replicating DNA at a
single-molecular resolution and is highly quantitative, high-throughput, and easily reproducible. This technique offers
insights into different replication parameters, like rate of DNA synthesis, extent of reversed fork protection, restart of stalled
forks, and fork asymmetry under untreated or replication stress conditions at a single-molecule level.

Key features

e Single-molecule resolution of DNA replication dynamics.

e Diverse replication parameters can be quantified with variations of the labeling protocol.

e  Easily reproducible across different cell lines in any lab with a basic molecular biology setup.
e  Effective in studying the effects of different genotoxic treatments on replication.

Keywords: Replication, Replication stress, DNA fiber assay, Fork protection, Fork restart, Fork asymmetry, Fork speed

This protocol is used in: EMBO reports (2025), DOI: 10.1038/s44319-025-00497-3

Cite as: Bhattacharya, D. and Nagaraju, G. (2026). A Quantitative DNA Fiber Assay to Monitor Replication Fork 1
Progression, Protection, and Restart. Bio-protocol 16(3): €5593. DOI: 10.21769/BioProtoc.5593

Copyright: © 2026 The Authors; exclusive licensee Bio-protocol LLC.

This is an open access article under the CC BY-NC license (https://creativecommons.org/licenses/by-nc/4.0/).



https://creativecommons.org/licenses/by-nc/4.0/
mailto:nganesh@iisc.ac.in
https://doi.org/10.1038/s44319-025-00497-3

blb-pl‘OtOCOI Published: Feb 05, 2026

Graphical overview

Cldu 20° IdU 20°
1. Pulsing @ — A 8. Imaging ﬁ

L I N
2. Lysis 7. Antibody
l incubation -ﬂ

3. Stretching

6. Blocking -ﬂ

| I

4. Fixation 5. Denaturation

_—

Graphical overview depicting the key steps of the DNA fiber assay protocol

Background

Faithful DNA replication is fundamental to the maintenance of genome integrity. During each S phase of the cell cycle,
replication forks duplicate the entire genome through coordinated synthesis of leading and lagging strands. However,
replication forks frequently encounter obstacles such as DNA lesions, DNA-protein crosslinks, secondary DNA structures,
unscheduled R-loops, and repetitive DNA sequences that can deregulate replication speed and cause fork stalling or collapse.
Cells have evolved different replication stress response mechanisms to protect stalled forks, prevent nascent DNA
degradation, and ensure efficient fork restart once the stress is relieved. Understanding these dynamic replication responses
requires experimental tools that can visualize and quantify replication forks with high spatial and temporal resolution [1-4].
Earlier methods to study DNA replication dynamics largely relied on population-level labeling approaches. Autoradiography
using tritiated thymidine incorporation provided the first visualization of replicating DNA in eukaryotic cells but offered
limited spatial resolution and required long exposure times [5,6]. Subsequently, 5-bromo-2’-deoxyuridine (BrdU)
incorporation combined with immunofluorescence was widely used to mark replication foci and to determine the fraction
of cells undergoing replication, but it could not resolve individual replication tracts [7,8]. Similarly, bulk density labeling or
alkaline sucrose gradient sedimentation techniques provided only average replication rates without single-molecule
resolution [9]. Electron microscopy (EM) is the only method that allows direct visualization of replication intermediates,
but it is technically demanding, requires large amounts of purified DNA, and has limited throughput [10,11].

The DNA fiber assay was developed to overcome these limitations [12]. In this method, cells are sequentially pulse-labeled
with halogenated nucleoside analogs such as 5-chloro-2’-deoxyuridine (CldU) and 5-iodo-2’-deoxyuridine (IdU), which
incorporate into newly synthesized DNA during replication. The pulse-labeling scheme can be combined with the treatment
of replication stress—inducing agents to study the effects of different genotoxic agents on replication. The cells are then
harvested, lysed, and stretched on glass slides to expose the labeled DNA, and immunostained with antibodies specific to
each thymidine analog, producing red and green fluorescent tracts corresponding to the first and second labeling periods,
respectively. The tract lengths can subsequently be measured and used as a quantitative readout of different replication
parameters like fork speed, stalling, or degradation, depending on the labeling scheme. The DNA fiber assay is highly
versatile (Figure 1). Under unperturbed conditions, consecutive double labeling of cells with CldU and IdU for 20-30 min
each, followed by measuring either C1dU or IdU tract length, allows the estimation of replication fork speed (kb/min), which
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typically averages around 1 kb/min in mammalian cell lines. Shorter replication tract lengths indicate frequent fork stalling
events, whereas an extended fiber length indicates unrestrained DNA replication [13,14]. Combining the second labeling
pulse with a low dose of genotoxic agents enables measurement of fork stalling induced by specific replication barriers, e.g.,
low doses of camptothecin (CPT, 50-100 nM) as markers for R-loop induced fork stalling [15]. Sister-fork asymmetry,
calculated as the ratio of the two sister-fork tract lengths extending from a common origin (green-red-green tracts), serves
as another indicator of fork stalling. Fork asymmetry is measured by calculating the lengths of two green tracts on either
side of an origin (red tract) and taking the ratio of the longer tract to the shorter one or vice-versa. Symmetric forks have a
sister fork ratio close to 1, whereas asymmetric forks have a ratio </> 1; thus, the sister fork ratio can serve as an estimate
of fork progression vs. stalling.

Fork reversal is a global response to replication stress, and reversed forks are susceptible to fork degradation. The fork
protection assay is useful for studying the extent of fork protection and as a surrogate marker for fork reversal under
replication stress [16,17]. In this assay, after the CldU and IdU pulses, cells are subjected to a prolonged period of
hydroxyurea (HU) treatment (2—4 mM for 5 h). In the absence of fork protection, the second label is gradually degraded,
resulting in shorter IdU tracts compared to CIdU tracts. The extent of fork protection is then calculated using IdU to CldU
ratios, where a ratio close to 1 indicates efficient fork protection and a ratio less than 1 indicates fork degradation. In a recent
study, a variation of this assay has been used as a surrogate marker for fork reversal in cells, where replication stress (e.g.,
150 nM CPT) during the second pulse slowed fork progression, reducing the CldU/IdU ratio, which is indicative of fork
reversal in cells [18].

Reversed replication forks are restarted by homologous recombination (HR)-based or repriming-based restart mechanisms
once the replication stress is alleviated [1,19]. The fork restart assay can be used to quantify the percentage of stalled and
restarted replication forks, as well as the replication speed after fork restart. In this assay, typically, the first pulse (CldU, 20
min) is followed by 2 mM HU treatment for 2 h to stall the forks, and then the second pulse (IdU, 40 min) is given, during
which fork restart occurs. Only red tracts or red followed by very short green tracts are considered to be stalled forks,
whereas red tracts followed by longer green tracts are counted as restarted forks. New origin-firing events can also be
quantified in this assay by measuring only green tracts, which represent origins fired during the second pulse duration. The
percentage of stalled forks is calculated as red tracts/(red + red-green tracts) x 100, and restarted forks are calculated as 100
- percentage of stalled forks [20].

Replication stress is often associated with the formation of sSDNA gaps in the nascent DNA, which are termed as daughter-
strand gaps (DSGs) [21]. These gaps can be scored by combining the S1 nuclease assay with the DNA fiber technique
[12,22]. Here, cells are sequentially pulse-labeled and subjected to replication stress, followed by permeabilization of the
cells with CSK buffer (10 min) and a 30 min incubation with S1 nuclease (20 U/mL) enzyme [23]. The S1 nuclease nicks
the DNA strand opposite to the ssDNA gaps, creating double-strand breaks (DSBs). This results in shorter IdU tract lengths
and reduced IdU/CIdU ratios, which serve as a quantitative marker for DSGs. Overall, employing the different labeling
schemes, the DNA fiber assay can be easily combined with specific gene knockdowns or inhibitor treatments to
mechanistically dissect molecular pathways of fork protection and replication stress responses [24,25].

Compared with earlier approaches, the major advantage of the DNA fiber assay is that it provides single-molecule resolution
and direct quantitative measurement of fork dynamics. By tweaking the pulse-labeling scheme, different fork metabolisms
like fork speed, fork asymmetry, fork protection/reversal, fork restart, and DSGs can be quantified, thus allowing accurate
assessment of replication dynamics under different stress conditions. Additionally, the assay requires relatively simple
equipment and can be performed in most cell lines. The method also enables statistical analysis of hundreds of replication
events within a single experiment, making it a robust technique. However, it has certain limitations. The efficiency is
dependent on the uniformity of fiber labeling and spreading. The procedure is low-throughput and labor-intensive compared
to automated microscopy-based replication assays, as a minimum of 200-300 individual fibers must be manually measured
in each experiment across biological replicates [26]. Artifacts from fiber overlapping or overstretching can also occur.
Despite these caveats, the DNA fiber assay remains one of the most powerful and versatile methods for studying DNA
replication and fork metabolism at the single-molecule level [13,27].

A derivative of the DNA fiber assay is the DNA combing technique, which uses molecular combing to uniformly stretch
the DNA on silanized slides. DNA combing allows controlled, parallel alignment of individual DNA fibers at a constant
extension factor (=2 kb/pum) as compared to conventional DNA fiber spreading, in which DNA is randomly distributed and
variably stretched. This uniform stretching improves precision and allows determination of inter-origin distances [28]. This
technique can also be combined with fluorescence in situ hybridization (FISH) to study replication dynamics at specific
genomic loci [29]. Although the method requires a constant-speed combing device, which is not readily available
everywhere, and careful control of DNA quality to prevent breakage, DNA combing offers enhanced precision and
reproducibility for single-molecule analysis of replication [30].
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Figure 1. Representative images of different DNA fiber labeling schemes. 1: Schematic and representative fibers
showing replication fork progression (left) and fork asymmetry (right) in control and RTEL1-depleted cells. 2: Schematic
and representative fibers illustrating replication fork protection defect in RNF20-depleted cells compared with control cells.
3: Schematic and representative fibers from a fork restart assay demonstrating defective fork restart in RNF20-depleted cells
relative to control.

Materials and reagents

Biological materials

1. U20S cells (ATCC, catalog number: HTB-96; RRID:CVCL_0042)
Note: Cells were grown in DMEM medium supplemented with 10% FBS, 1% GlutaMax, and 1% PenStrep. Cells were
regularly tested for mycoplasma with DAPI staining. Experiments were generally performed within 3rd—25th cell passages.

Reagents

. 5-Chloro-2’-deoxyuridine (Sigma-Aldrich, catalog number: C6891)

. 5-lodo-2’-deoxyuridine (Sigma-Aldrich, catalog number: 17125)

. Rat anti-BrdU (Abcam, catalog number: ab6326, RRID: AB_305426)

. Purified mouse anti-BrdU (BD Biosciences, catalog number: 347580, RRID: AB_400326)

. Donkey anti-rat Alexa Fluor 594 (Abcam, catalog number: ab150156, RRID: AB_2890252)
. Rabbit anti-mouse IgG H&L Alexa Fluor 488 (Abcam, catalog number: ab150125)

. Mowiol® 4-88 (Sigma-Aldrich, catalog number: 81381, CAS number: 9002-89-5)

. Bovine serum albumin (BSA) (Sigma-Aldrich, catalog number: A7906, CAS number: 9048-46-8)
. Hydroxyurea (Sigma-Aldrich, catalog number: H8627)

. TWEEN® 20 (Sigma-Aldrich, catalog number: P1379)

. Concentrated HCI (Qualigens, catalog number: Q29147)

. Dimethyl sulphoxide (Sigma-Aldrich, catalog number: D8418)

. Methanol (Sigma-Aldrich, catalog number: 6.06007, CAS number: 67-56-1)

. Glacial acetic acid (Supelco, Merck, catalog number: 1.93002, CAS number: 64-19-7)

. Trizma base (Sigma-Aldrich, catalog number: 93362)

. Ethylenediaminetetraacetic acid (Sigma-Aldrich, catalog number: E6758)

. Sodium dodecyl sulphate (Sigma-Aldrich, catalog number: 436143)
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18. Trypsin-EDTA solution (Sigma-Aldrich, catalog number: T4174)
Solutions

. Lysis buffer (see Recipes)

. Blocking buffer (see Recipes)
. Wash buffer (see Recipes)

4. C1dU stock (see Recipes)

W N =

W

. IdU stock (see Recipes)
6. Fixative (see Recipes)
7. HU stock (see Recipes)

Recipes

1. Lysis buffer

Reagent

Final concentration

Quantity or volume

1 M Tris-HCI (pH 7.5)
0.5 M EDTA (pH 8)

10% SDS

Autoclaved milli-Q water

02M
0.05M
0.5%
n/a

200 uL
100 pL
50 uL

650 puL

Filter-sterilize. It can be stored and used for a week at room temperature (RT).

2. Blocking buffer
Reagent Final concentration Quantity or volume
BSA 2% 200 mg
Tween 20 0.1% 10 uL
1x PBS n/a up to 10 mL

Filter-sterilize. It can be stored at 4 °C for 1-2 weeks.

3. Wash buffer
Reagent Final concentration Quantity or volume
Tween 20 0.1% 0.5mL
1x PBS n/a up to 500 mL

It can be stored at RT for a few weeks.

4. C1dU stock

Reagent

Final concentration

Quantity or volume

ClIdU powder (262.65 g/mol)
Filter-sterilized, autoclaved milli-Q water

50 mM
n/a

13.13 mg
I mL

Dissolve and store at -20 °C in 50 pL aliquots in the dark for up to 1 year, avoiding frequent freeze-thaw cycles.

5. IdU stock

Reagent

Final concentration

Quantity or volume

IdU powder (354.1 g/mol)
Cell-culture grade DMSO

100 mM
n/a

35.41 mg
I mL

Dissolve and store at -20 °C in 100 pL aliquots in the dark for up to 1 year, avoiding frequent freeze-thaw cycles.

6. Fixative

Reagent Final concentration Quantity or volume
Methanol 3 parts by volume 37.5 mL
Glacial acetic acid 1 part by volume 12.5mL

Prepare fresh every time.
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7. HU stock
Reagent Final concentration Quantity or volume
Hydroxyurea powder 200 mM 15.212 mg
Filter-sterilized, autoclaved Milli-Q water n/a 1 mL

Store at 4 °C for a couple of months in sealed aliquots.
Laboratory supplies

. Superfrost slides (epredia/Fisher Scientific, catalog number: 16069901, Ref: AA00008032E01MNZ10)
. Tissue culture 6-well plates (ThermoFisher, catalog number: 140675)

. Cell counter or hemocytometer (ThermoFisher, model: Countess 3 Automated Cell Counter)

. 1.5 mL microcentrifuge tubes (MCT) (Tarsons, catalog number: T500010)

. 15/50 mL conical centrifuge tubes (Tarsons, catalog number: 546021/546041)

. 15/50 mL centrifuge tube racks (Tarsons)

. Coplin jars (local vendor)

0 3N L AN~

. 3-ply tissue paper (local vendor)

9. MCT rack (Tarsons, catalog number: 241010-B)

10. Whatman filter paper (GE Healthcare, catalog number: 1003-917)
11. Parafilm (PARAFILM, catalog number: 39209999)

12. Surface roller (local vendor)

13. Microscopic cover glass 24 x 60 mm (BLUE STAR)
14.200-10,00 pL, 20-200 uL, 220 uL pipettes and pipette tips

Equipment
1. Fluorescence microscope (Zeiss AxioObserver)

2. Cell culture equipment, including CO; incubator and biosafety chamber for culturing cells

Software and datasets

1. ImageJ (NIH, Version1.54p, Feb 2025, https://imagej.net/ij/download.html)
2. Microsoft Excel (Microsoft, https://products.office.com/en-us/excel)
3. GraphPad Prism (Version 9.5.1, graphpad.com/how-to-buy/)

Procedure

A. Pulse labeling (day 1)

Below, we describe the protocol for a fork protection assay using two samples with U20S cells. Adjust pulse labeling
scheme and reaction volumes of different reagents according to the type of experiment and the number of samples in the
experiment, respectively.

1. After transfection with the desired shRNA/siRNA, seed cells into 6-well plates. If knockdown is not required, count 2.5
x 10° cells and plate them in 6-well plates one day prior to the experiment. Plate 2.5 x 10° plain U20S cells in a 60 mm cell
culture plate, separately for unlabeled cells.

Notes:

1. This experiment was performed using an electroporation-based transfection method. If using a different method for RNA-
interference (e.g., Lipofectamine, DHARMAfect, etc.), perform gene knockdown according to the manufacturer’s protocol.
2. Cells should be approximately 80% confluent on the day of pulse labeling. Optimize the cell number for both unlabeled
and labeled cells according to the cell line being used. Keep in mind that cell size and growth rate vary among different cell
lines.
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2. Prewarm cell culture media and PBS in a 37 °C water bath before starting pulse labeling. Thaw CIldU and IdU aliquots at
RT while incubating the media/PBS in the water bath. Depending on the ideal time point at which knockdown is achieved,
start the pulse labeling scheme such that the pulse + damage treatment duration coincides with the duration of gene
knockdown (e.g., we perform pulse labeling around 30 h after shRNA transfection, as we observe maximum depletion of
our target protein 30 h post-transfection; for the fork protection assay, we perform pulse labeling at 27 h after transfection,
followed by 5 h of HU damage). Prepare a 25 uM CIdU solution in prewarmed media by adding 2.5 pL of CldU stock
solution (50 mM) to 5 mL of media in a 15 mL centrifuge tube. Take out the 6-well plate containing your samples from the
CO; incubator and place it inside a biosafety cabinet. Aspirate the media and wash with 800 uL of 1x PBS. Aspirate the
PBS and add 2 mL of the C1dU mix to each sample in the 6-well plate. Place it back in the incubator and start your timer for
20 min (Table 1).

Caution: Ensure the media and PBS are pre-equilibrated to 37 °C before the pulsing step, as temperature changes can affect
the labeling efficiency and quality of fibers.

Note: CIdU preparation and pulsing step should be performed in the dark.

Table 1. Decision tree for choosing pulse labeling durations for DNA fiber assay depending on the replication speed
of the cell line used. If the replication speed of the cell line being used is not known, a test experiment must be performed
with a 15-20 min double labeling scheme, followed by tract length estimation of at least 100 individual fibers. The tract
length can be converted to replication rate using the following formula: [(2.59 x measured tract length in um)/ duration of
pulse labeling in minutes]kb/min, where 1 pm = 2.59 kb.

Fork speed (kb/min) Suggested pulse duration  Notes

<0.5 kb/min (slow) 3045 min Suitable for slow-dividing cell lines, e.g., primary cells.
0.7-1.3 kb/min (typical . . Works well for most common cell lines, e.g., U20S, HelLa,
mammalian) 15-30 min (20 min default) HEK293, MCF.

Prevents excessively long or overlapping tracts in fast-

>1.5-2.0 kb/min (fast) 5-15 min .
replicating cells.

3. During the incubation period, prepare 5 mL of 250 uM IdU solution by adding 12.5 uL of IdU (stock: 100 mM) to 5 mL
prewarmed media. After 20 min, remove the plate from the incubator, aspirate the CldU-containing media, and wash three
times with 800 pL of 1x PBS. Add 2 mL of IdU-containing media to each well and place it back in the incubator for 20 min.
Note: 1dU preparation and pulsing should be performed in the dark.

4. During the incubation period, prepare 5 mL of 4 mM HU solution by adding 100 uL of HU (stock: 200 mM) to 5 mL of
prewarmed media. After 20 min, take out the plate, aspirate the IdU-containing media, and wash three times with 800 pL of
1x PBS. Add 2 mL of 4 mM HU-media to each well and place them back in the incubator for 5 h.

B. Stretching (day 1)

5. After 5 h, take out the plate, aspirate the HU-containing media, and pour 3 mL of ice-cold PBS in each well to arrest the
replication at that stage in the cells. Place the plate on ice in an ice bucket for 5 min. During this incubation period, take out
the 60 mm plate of unlabeled U20S cells, trypsinize it with 500 pL of trypsin (stock: 0.25%), add 500 pL of ice-cold PBS
to neutralize the trypsin, and harvest it in a 1.5 mL microcentrifuge tube.

6. After 5 min, remove the 6-well plate from ice, aspirate the ice-cold PBS, and add 500 pL of prewarmed trypsin. Place it
in the incubator for 3 min, add 500 puL of ice-cold PBS to stop the trypsinization process, harvest the samples in 1.5 mL
microcentrifuge tubes, and place the tubes on ice.

7. Count the number of cells in each sample using a cell counter or hemocytometer if gene knockdown has been performed.
It is essential to accurately estimate the cell numbers in each sample, as gene knockdown and transfection procedures can
result in a significant amount of cell death. Note down the cell numbers of each sample.

8. Spin down the tubes at 7,000 rpm for 7 min at 4 °C.

9. Meanwhile, perform the following calculations: from the cell count, calculate the number of cells present in the total
sample volume (1 mL in this case). Then, calculate the volume in which each sample should be resuspended to achieve a
final dilution of 5 x 103 cells/250 uL. Label a fresh set of 0.5 mL microcentrifuge tubes according to your samples and keep
them on ice.

10. After centrifugation, discard the supernatant and resuspend the cell pellet thoroughly in an appropriate volume of ice-
cold PBS according to the calculation done in step B9.

11. Transfer 10 puL of the unlabeled cell sample to each new 0.5 mL microcentrifuge tube and then add 20 pL of the labeled
samples to their respective tubes, such that the labeled to unlabeled ratio in the new mixture is 2:1. Mix by pipetting
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thoroughly.

Note: The labeled to unlabeled cells ratio may need to be optimized depending on whether fibers are too dense or too sparse
in the final images (See troubleshooting).

12. Clean the required number of superfrost slides, label them, and place them flat on top of a piece of tissue paper. Place a
centrifuge tube rack near the top end of the slides (labeled side) and place them in the orientation shown in Figure 2.

Figure 2. Position of slide placement for lysis. Lay the cleaned superfrost slides flat on top of tissue paper near a centrifuge
tube rack with the labeled end of the slide toward the stand.

13. Add two drops of 7 uL of lysis buffer on each slide at a sufficient distance from each other such that the drops do not
mix with each other (Figure 3).

JhRNF2O shControl
mlalas A
oé og

Figure 3. Lysis. Place two drops of lysis buffer on each slide, as shown in the image.

14. Take the first sample and mix it by tapping the end of the microcentrifuge tube and pipetting up and down. Then, add 3
pL of the sample to each dot of the lysis buffer on the slide, lightly swirling the mixture five times. Mix the sample with the
lysis buffer thoroughly by pipetting up and down 8—12 times on the slide. Start the timer for 7-9 min. Repeat the same
process for each sample.

Critical: Do this step as uniformly as possible across all samples, as it greatly affects the quality of fibers obtained in the
final step. Ensure your tip is not touching your slide while swirling/mixing the sample. See Troubleshooting.

15. Once the sample is sufficiently lysed (approximately 7-9 min), raise the labeled end of the slide and balance it at an
angle on the centrifuge tube rack kept next to it, as shown in Figure 4. This allows the sample to flow down on the slide in
a continuous stream facilitated by the action of gravity. Allow each slide to stand for 10 min, so that it becomes sufficiently
dry.

Caution: Air conditioners or fans should be turned off during this step; otherwise, the samples will dry up during the lysis
period.

Note: If the cell suspension does not flow down naturally after lifting the slide, add 5 pL of lysis buffer on top of the sample
drop to aid its flow.
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Figure 4. Fiber stretching. To stretch the fibers, raise each slide by hand and keep it at an angle, balancing on a centrifuge
tube rack as shown.

16. Place the slides in 40 mL of fixative solution in a Coplin jar and keep them at 4 °C overnight.

Pause point: The slides can be stored in the fixative solution at 4 °C for 1-3 days.

Note: Acetic acid and methanol should be handled inside a chemical fume hood. During fixation, ensure that Coplin jars
are tightly sealed with their lids to prevent evaporation and escape of acetic acid/methanol fumes. In the event of a spill,
absorb the material immediately with spill pads, dispose of it in designated waste bins, and thoroughly wipe the surface
with 70% ethanol. Avoid using open flames and ensure proper ventilation at all times.

C. Staining (day 2)

17. On the following day, take out the Coplin jar containing the slides from 4 °C, discard the fixative solution, and wash
three times with 1x PBS, each time for 5 min, in the Coplin jar.

Caution: Ensure the fixative is thoroughly washed out by rinsing the Coplin jars with ample amounts of Milli-Q water, as
this can interfere with the later steps.

Note: Between each wash, take out the slides from the Coplin jar and keep them tilted on a centrifuge tube rack on top of
some tissue paper (position as shown in Figure 4).

18. Prepare a 2.5 M HCI solution for denaturation by mixing 10.4 mL of concentrated HCI (12 M) with 39.6 mL of
autoclaved Milli-Q water in a SCHOTT DURAN bottle during the washes. Remove PBS from the Coplin jar after the final
wash and add the denaturation solution. Incubate for 1 h at RT.

Caution: Prepare a 2.5 M HCIl solution fresh each time, taking proper precautions.

19. After denaturation, wash the slides three times with PBS, for 5 min each wash, to neutralize the pH.

Note: Ensure the pH has been restored to 7 by checking the pH of the PBS in the final wash with a pH strip.

20. Prepare a humid chamber during the wash incubations. Place a blotting paper on top of a microcentrifuge tube rack and
wet it with Milli-Q water. Use a roller to flatten the surface of the wet blotting paper and place a layer of parafilm on top of
the paper. Flatten the surface again using the roller. Line the edges of the rack with a thin line of wet tissue paper. Cover the
lid of the microcentrifuge tube rack with aluminum foil to protect the samples from light exposure, and then close the lid of
the rack (Figure 5). Prepare this setup before the end of the PBS washes.

21. Drain the excess PBS from the slides after the last wash and lay the slides flat in the prepared humid chamber with the
side containing the stretched fibers facing up. Add 100 pL of blocking solution on top of each slide and cover each slide
with a piece of parafilm, ensuring there are no bubbles between the slide and the parafilm. Cover with lid and incubate for
45 min at RT. See Figure 5.
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Figure S. Setup for blocking and antibody incubations. Place the slides in the wet chamber, add the required quantity of
blocking buffer/antibody solution on top of the slides, and cover with small pieces of Parafilm, ensuring there are no air
bubbles. Cover the lid of the chamber with aluminum foil to make it light-proof and place the cover on top. Incubate for the
required time.

22. During the blocking incubation, prepare the primary and secondary antibody dilutions and store them temporarily at
4 °C. For the primary antibody, dilute the rat anti-BrdU (for C1dU) at a 1:500 dilution and the purified mouse anti-BrdU (for
IdU) at a 1:250 dilution in blocking buffer. For two slides, add 0.3 pL of anti-CldU antibody and 0.6 pL of anti-IdU antibody
to 150 pL of blocking buffer. For the secondary antibody, add 0.3 uL of both donkey anti-rat Alexa Fluor 594 (1:500) and
rabbit anti-mouse IgG H&L Alexa Fluor 488 (1:500) to 150 puL of blocking solution.

23. After blocking, remove the parafilm pieces and keep them aside on a piece of tissue paper. Remove the excess blocking
solution from the slides and add 60 pL of primary antibody mix to the slides. Place the parafilm pieces back on the slides,
ensuring there are no bubbles. Close the lid and incubate for 2.5 h at RT.

24. After primary antibody incubation, wash the slides three times for 5 min with wash buffer in Coplin jars.

25. After draining off the excess wash buffer, place the slides in the wet chamber again as before (Figure 5) and add 60 puL
of secondary antibody solution. Cover them with parafilm, place the lid on top to prevent exposure to light, and incubate for
1 hatRT.

Caution: This step is light sensitive.

26. Wash the slides three times for 5 min each with wash buffer in Coplin jars.

Caution: Protect from light exposure.

27. Keep the slides in a slanted position on the centrifuge tube rack and cover them to prevent light exposure. Allow slides
to dry completely by leaving them at RT for 30 min.

28. Clean the microscope cover glasses carefully to ensure they are free of any dust. Lay the slide flat on a bench and add
15 uL of Mowiol mounting medium along one of the long edges of the slide. Place the coverslip along the same edge of the
slide and lower it down gradually to ensure there are no bubbles between the slide and the coverslip. Leave the slides
overnight at RT in a light-protected container for drying.

Notes:

1. If air bubbles form, press down on the coverslip and push it out through the closest edge of the slide.

2. If you are using a different mounting medium than Mowiol that remains in a liquid state after drying, seal the edges of
the coverslip with nail polish.

29. Image the slides on the next day or store them in a slide box at 4 °C for a few weeks. Slides can be kept at -20 °C for
long-term storage.

D. Imaging (day 3)

1. This step varies according to the microscope you are using. To locate the focus of the DNA fibers, find a field that shows
fluorescent speckles. Your fibers will be on the same plane as these fluorescent dots. Next, move the objective lens along
the width of the slide to find fibers as shown in Figure 6. Once the fibers are visible, move the objective lens along the length
of the slide and capture a sufficient number of images.

Note: The images in Figure 6 have been acquired with a Zeiss AxioObserver microscope with a 63 % oil-immersion objective
lens. Representative data is presented in Figure 7.
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Figure 6. Raw images of fiber spreads prepared using this protocol. The blue boxes in the images indicate regions of
clustered and overlapping fibers. During calculations, such areas of the fiber spread should be avoided, and only clearly
distinguishable fibers should be counted to get accurate results.
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Figure 7. Example of a fork protection assay performed in control and RNF20-depleted U20S cells. (A) Schematic
outline of the fork protection assay (top) and representative fibers showing fork protection defect in control vs. RNF20-
depleted cells (bottom). (B) Quantitative scatterplot of fibers as shown in A. Data represents the median value. >150 fibers
were counted for each sample from three biological replicates. ****p(shControl vs. shRNF20) < 0.0001.

E. Quality control criteria

For each condition, >150 individual fibers were quantified across three biological replicates of an experiment. A fiber was
considered analyzable if it displayed (i) continuous stretching (1 pm ~ 2.5 kb), (ii) uninterrupted CldU/IdU tracts, (iii) no
major breaks or dye diffusion (patchy appearance), (iv) distinct CIdU and IdU tracts without extended overlap at the
junctions, and (v) individual fiber not lying in an area of overlapped/clustered fibers.

In control samples, the expected length of IdU or CIdU tracts is within 5-10 um for U20S cells with a 20-min pulsing time
(replication rate in U20S averages around 1 kb/min; the length of the labeled tract depends upon the replication rate of the
cell line being used and the pulsing time). The number of fibers counted in an experiment varies between publications, with
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>100 fibers (from three repeats) being accepted in some publications. In general, 200-300 individual fibers should be
counted from three independent biological replicates of an experiment.

Notes:

1. For fork asymmetry experiments, a total of >50 fibers is acceptable from three independent replicates of an experiment,
since origin firing events are comparatively rare to find in DNA fiber spreads.

2. To prevent measurement bias, sample identifiers should be blinded during imaging and quantification, and conditions
should be unblinded only after completing all measurements and proceeding to statistical analysis.

Data analysis

1. Set image scale

a. Open an image that includes a scale bar acquired using the same microscope objective used for capturing your
experimental images.

b. Zoom into the scale bar area, select the line tool, and draw a straight line along the length of the scale bar (see Figure 8).
c. Click on Analyze--Set Scale. Enter the Known distance, Unit of length, and check the Global option. Click Ok (see Figure
8). Now your images are calibrated to the appropriate scale.
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Figure 8. Setting the image scale. Zoom into the scale bar area and draw a straight line across the length of the scale bar
by using the line tool, as shown with red arrows. Go to Analyze and Set Scale and enter the required values to calibrate the
distance in pixels to the known length of the scale bar.

2. Calculating fiber length

a. To calculate the length of IdU or CIdU tracts, open the image in ImageJ. Zoom into the areca where the fibers are well-
separated and clearly visible (Figure 9A, B).

b. Select the /ine tool and draw a straight line across the length of the Cl1dU or IdU tract.

c. To select the measurement parameters you need, go to Analyze > Set Measurements, select the measurements you want
to record, such as length, and deselect any you do not need, and then click Ok. Go to Analyze > Measure (Press M on your
keyboard). A dialogue box called Results will appear, showing the value of the length measured with the /ine tool (Figure
90).

Note: In case of fork protection assay, measure both CldU and IdU lengths one after another.

Caution: Remember to maintain the same order of measurement (i.e., CldU first and IdU second or vice-versa) throughout
the entire calculation.
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d. After measuring a sufficient number of fibers, copy and paste the data onto a blank Excel sheet. Delete any values other
than the Length column.
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Figure 9. Measuring the length of the fibers. (A) Open your image in Imagel. (B) Zoom into the area where fibers are
well separated. (C) Select the line tool, draw a straight line across IdU or CI1dU length of a fiber, and press M on the keyboard.
The Results tab will appear.

3. Calculating IdU to CldU ratios

a. Label the column containing your length measurements as Values. Label the adjacent column as Function (Figure 10A).
b. In the first cell of the Function column (next to your first length value), type the following formula:
=ISODD(ROW(select the cell containing the first length value)) (Figure 10A). Press Enter.

c. The cell will display either TRUE or FALSE, depending on whether the row number is odd or even. Extend the formula
to all remaining rows by dragging the fill handle downward (bottom-right corner of the first cell) (Figure 10B).

d. Select the cell containing the column header “Function.” Click on Data in the menu bar, followed by the Filter option. A
downward arrow will now appear on the right side of the “Function” header, indicating that a filter has been applied to it
(Figure 10C).
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Figure 10. Calculating IdU to CldU ratios (part 1). (A) Paste your length values in a column in an Excel sheet and give
a heading to the rows as shown. In the first cell under the “Function” header, type the formula as shown. (B) Extend the
formula to all the rows containing “Values” by dragging the fill-in option. (C) Apply a filter to the “Function” header by
clicking the Data tab, followed by the Filter option.

e. Click on the downward arrow in the “Function” cell. If the first data point corresponds to false, select the FALSE option
under the Select all heading and click Ok (Figure 11A).

f. Now, only the rows corresponding to FALSE will be displayed. This will correspond to either CldU or IdU length values,
depending on which one was measured first. Select all the FALSE rows and copy and paste them onto a fresh Excel sheet in
a column labeled as CIdU or IdU (Figure 11B, D).

g. Repeat the process for the TRUE values to isolate the second set of tract lengths and copy/paste them in the adjacent row
of your first set of values in the new Excel sheet (Figure 11C, D).

h. Calculate the IdU to CIdU ratio using the formula: = (select first IdU cell)/(select first Cl1dU cell) and press Enter. Extend
the formula to the remaining rows by dragging the fill-in handle at the bottom right corner of the first cell (Figure 11D).
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Figure 11. Calculating IdU to CldU ratios (part 2). (A) Click the arrow on the right side of the “Function” header and
select FALSE in the select section. (B) Copy and paste all the numerical values under the “Values” header onto a fresh Excel
sheet. All these values correspond to FALSE and, in turn, correspond to either CldU or IdU length, depending on which was
measured first. (C) Click the arrow on the right side of the “Function” header and select TRUE in the select section. Copy
and paste all the numerical values under the “Values” header corresponding to TRUE onto the fresh Excel sheet. (D)
Calculate the IdU to CldU ratio using the formula as shown. Extend the formula to the remaining rows.

4. Plotting the data using Prism

a. Open Prism and choose the Column graph type under the Create option. Select Enter replicate values, stacked into
columns under the Options menu.

b. A blank spreadsheet will open. Enter the names of the columns in the column headers according to your samples. Copy
and paste the numerical values (e.g., [dU/CIdU ratio, replication rate, etc.) of each sample from the Excel file onto the Prism
spreadsheet (Figure 12A).

c. Click the datasheet under the Graphs option in the left-hand side menu. Select the Individual values, Scatter plot, and
Median options. Click Ok (Figure 12B).

d. Edit graph settings like axes length, color, symbols, etc., according to your choice (Figure 12C).
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Figure 12. Plotting the data. (A) Copy/paste your data into a blank Prism file in the appropriate columns. (B) Select Datal
under Graphs and use individual data points to create a scatter plot. (C) Decorate the graph according to your choice.

5. Calculating statistical significance
a. Select the Analyze option as shown in Figure 13A.
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Figure 13. Calculating the statistical significance between different samples in the dataset. (A) Select Analyze. (B)
Select t tests and your samples. (C) Click the nonparametric test option under Unpaired t test. (D) View the statistical
calculations under the Results tab.
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b. Select ¢ tests under Column analyses. Select the two groups you wish to compare in the right-hand panel. If there are more
than two groups, compare pairwise as many times as needed. Click Ok (Figure 13B).

c. Under Experimental design, select Unpaired t test. Under Assume Gaussian distribution? select No. Use nonparametric
test. Under Choose test, select Mann-Whitney test. Click Ok (Figure 13C).

d. In the left-hand panel, under the Results section, click on the datasheet. The results of the t-test with all parameters
measured are given here (Figure 13D).

e. You can add the significance between samples manually using whichever software you use to prepare your data figures
(e.g., Microsoft PowerPoint or Adobe Illustrator). Otherwise, you can add significance between samples using the Draw
option in Prism, followed by selecting Automatically add pairwise comparisons or Manually add lines with text options.

Validation of protocol

This protocol has been used and validated in the following research article:
e Debanjali et al. [25] RNF20-mediated H2B monoubiquitination protects stalled forks from degradation and promotes
fork restart. EMBO reports (Figure 3A-1; Figure 4A—B; Figure 5C-F, I-J; Figure 6D-F).

General notes and troubleshooting

Troubleshooting

Problem 1: Fibers appear degraded.
Possible cause: Excess lysis.
Solutions: Reduce the lysis time and perform the mixing/swirling step gently.

Problem 2: No fibers can be found on the slides.

Possible cause: Cells are unhealthy.

Solutions: Repeat the experiment with a fresh set of cells. Ensure cell culture conditions are optimal before starting the
experiment.

Problem 3: Too much fluorescence background in the form of red or green dots in the imaging fields.

Possible causes: Nonspecificity of the antibody or insufficient washing.

Solutions: Reduce antibody concentration, add an extra wash step after primary and secondary antibody incubations, or add
an extra blocking step for 15 min before secondary antibody incubation.

Problem 4: Fibers appear faint or discontinuous.
Possible cause: Insufficient antibody binding.
Solution: Increase the concentration of the primary antibodies.

Problem 5: Fibers are too dense or too sparse to be calculated.

Possible causes: Improper cell counting or insufficient spreading out of fibers during lysis.

Solution: If the fibers are too clumped together, try increasing the unlabeled cells in the sample mixture. If the fibers are too
sparse, decrease or omit the mixing of unlabeled cells with labeled cells before lysis.
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