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28  ABSTRACT:
29 DNA double-strand breaks (DSB) are the most severe type of DNA damage. Despite the
30 catastrophic consequences on genome integrity, it remains so far elusive how DSBs affect
31  transcription. A reason for this was the lack of suitable tools to simultaneously monitor
32  transcription and the induction of a genic DSB with sufficient temporal and spatial resolution.
33  This work describes a set of new reporters that directly visualize transcription in live cells
34  immediately after the induction of a DSB in the DNA template. Bacteriophage RNA stem-loops
35 are employed to monitor the transcription with single-molecule sensitivity. For targetting the
36 DSB to a specific gene region, the reporter genes are engineered to contain a single recognition
37 sequence of the homing endonuclease /-Scel, otherwise absent from the human genome. A single
38 copy of each reporter gene was integrated with the genome of human cell lines. This
39 experimental system allows the detection of single RNA molecules generated by the canonical
40 gene transcription or by DNA break-induced transcription initiation. These reporters provide an
41  unprecedented opportunity for interpreting the reciprocal interactions between transcription
42 and DNA damage and to disclose hitherto unappreciated aspects of DNA break-induced
43  transcription.
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INTRODUCTION:

DNA double-strand breaks (DSBs) are toxic DNA lesions that disrupt cell function and
contribute to the insurgence of several diseases and ageing!. Mutations resulting from the
inaccurate repair of DSBs impact gene expression and set the basis for the functional decline
of the cell. The emergent view that DSBs drive de novo break-induced transcription at the
lesion site?”” suggests that DSBs may also affect cellular function through break-induced RNAs.
Several recent studies indicate that DSBs are sufficient to initiate programmed (e.g., at
stimulus-inducible genes) and unscheduled (e.g., at non-canonical promoters) transcription®
>7. However, despite several studies exploring the links between DNA damage and
transcription, the field still lagged in its capacity to deliver a precise (i.e., single-molecule)
characterization of the transcriptional events at DNA break sites. One important reason for
this was the lack of appropriate experimental tools. Cell irradiation (y-rays, X-rays, heavy ions)
and drug treatments (e.g., topoisomerase inhibitors or intercalating agents) lack spatial
precision and induce DNA lesions other than DSBs, including single-strand breaks and DNA
adducts®. Endonucleases, such as I-Ppol and AsiSl, generate locus-specific DSBs but have not
been combined with a system that allows simultaneous live-cell visualization of transcription
at a single locus with high temporal precision®. To bypass this limitation, our lab spearheaded
developing a set of cutting-edge reporters that directly visualize transcription with single-
molecule resolution upon the controlled induction of a unique DSB*. Here, we describe these
reporters, provide a detailed protocol for live-cell imaging of transcription at DSBs and show
data revealing transcription initiation at a single DSB.

The reporter gene systems used in this protocol are based on the well-characterized mouse IgM
reporter gene and contain the exons M1 and M2 of the membrane-bound form (um) of the IgM
i heavy chain®*1. A hybrid intron separates the two exons with the strong adenovirus major late
transcript (AdML) PY tract!?. The expression of the reporter genes is controlled by the human
cytomegalovirus promoter (CMV), into which two tandem copies of the Tet operator (TetO)
sequence have been inserted. The reporter genes are each inserted into a plasmid vector
containing an Flp Recombination Target (FRT) site and inserted into a specific FRT target site in
the genome of a HEK293 host cell line. This cell line also constitutively expresses the Tet repressor
protein to regulate the expression of the reporter gene via the presence or absence of
tetracycline/doxycycline. To allow visualization of the reporter gene transcription, 24 tandem
repeats of the MS2 stem loop sequence were inserted and 24 tandem repeats of the PP7 stem
loop sequence at different positions in respect to transcription start site and exon/intron
structure of the reporter gene. The MS2/PP7 RNA stem loops form upon transcription and are
specifically bound by ectopically expressed MS2/PP7 coat proteins tagged with green and red
fluorescent proteins, a strategy widely used before to image transcription!3%°. In addition, a
single copy of the 18 bp recognition sequence was inserted for the homing endonuclease /-Sce/
that is directly flanked by the RNA stem-loop sequence arrays in the reporter genes. The standard
cloning techniques generated all plasmids, the fragment containing the 1-Scel-24xMS2 stem-loop
of the PROP reporter gene was synthesized by a commercial gene synthesizing service.

The promoter-proximal DSB reporter gene (PROP) was constructed by inserting the /-Scel cutting
site 45 base pairs (bp) downstream of the putative transcription start site in exon |, followed by
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149 bp until the start of the 24x MS2 stem-loop cassette, which was de novo designed with two
alternating non-identical stem-loop sequences!® and additional five non-repetitive 20 bp spacer
sequences to reduce redundancy. The MS2 stem-loop array is followed by 72 bp until the
beginning of the 1844 bp intron and the 1085 bp exon Il until the cleavage and polyadenylation
site. The exon Il encodes a cyan fluorescent protein (CFP) fused to a C-terminal peroxisomal
targeting sequence (PTS) from the human peroxisomal acyl CoA oxidase to allow an independent
screening of the reporter gene expression (Figure 1A).

The exon Il DSB reporter gene (EX2) consists of a 167 bp exon | followed by the intron and exon
Il encoding the CFP-PTS. Further downstream at a distance of 169 bp, a cassette containing 24x
MS2 stem-loops was inserted, followed by an 84 bp linker sequence with an /-Scel site in the
center, followed by 27x PP7 stem-loops and 221 bp until the cleavage and polyadenylation site'’
(Figure 1B).

Lastly, the exon Il DSB reporter gene with antisense transcription labeling (EX2AS) is based on the
human ubiquitin B (UBB) gene transcript UBB-201 and contains two exons and one intron. The
exon | have a total length of 1534 bp with an inverse insertion of the 24x MS2 stem-loop
sequence. Therefore, the correct MS2 stem-loop RNA sequence will be transcribed in an
antisense direction with respect to the sense transcription of the reporter gene from the CMV
promoter. The intron has a length of 490 bp, followed by exon Il with the /-Scel site, and a coding
region was inserted for two in-frame ubiquitin subunits. Downstream of the UBB gene is a
sequence that forms a 24x PP7 stem-loop upon transcription of the reporter gene in a sense
direction (Figure 1C).

The transient transfection of an inducible construct of the homing endonuclease /-Scel allows for
the controlled creation of a DSB at the inserted recognition site within each reporter gene®. The
I-Scel endonuclease is fused in frame with the ligand-binding domain of the glucocorticoid
receptor and a far-red fluorescent protein iRFP713. This construct is cytoplasmic in the absence
of triamcinolone acetonide (TA) but migrates rapidly into the nucleus upon the addition of TA to
the growth medium of the cells (Figure 1D). The induction of DSBs by the /-Scel system is robust,
as demonstrated before'® 29, The reporter gene transcription can be monitored in parallel by
visualizing the fluorescently tagged RNA stem-loop systems MS2 and PP7.

PROTOCOL:
1. Preparation and transfection of cells for live-cell microscopy

1.1.Prepare a 25 cm? cell culture flask of the reporter cell line (EX2, EX2-AS, or PROM) with 5 mL
of DMEM to achieve 80-90% confluency on the day before the live-cell microscopy experiment.

1.2.Aspirate the medium with a pipette from the 25 cm? cell culture flask and wash the cells with
2.5 mL of 1x PBS.

1.3.Add 1 mL of trypsin-EDTA (0.05%) and incubate at 37 °C for 2-3 min for cell detachment.
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1.4.After cell detachment, add 4 mL of DMEM without phenol red containing HEPES buffer,
supplemented with 10% (v/v) charcoal-stripped fetal bovine serum, and gently resuspend the
cells.

1.5.Plate 1 mL of the cell solution in a 35 mm round dish with 10 mm glass-bottom well (diameter
No. 1.5) and homogenize. Store the 35 mm round dish inside a 100 mm standard cell culture dish
and incubate it at 37 °C in a humidified atmosphere with 5% CO,.

1.6.~6 h after seeding, transfect the cells in the glass bottom dish. For each transfection mixture,
prepare two solutions in the following manner:

1.6.1.In a 1.5 mL microcentrifuge tube, prepare solution A containing 150 uL of reduced-serum
minimal essential medium (MEM), plasmid DNA (as described in Table 1), and 2.5 pg/uL of DNA
of transfection helper reagent (see Table of Materials).

1.6.2.In parallel, prepare solution B, containing 150 pL OF reduced-serum MEM and 1.5 pg/uL
DNA of a lipid-based transfection reagent (see Table of Materials).

1.6.3.Incubate both solutions at room temperature (RT) for 5 min. Then, gently add solution A to
solution B and incubate 20 min at RT.

1.6.4.To transfect the cells, add 300 pL of solution A+B dropwise to each dish and gently
distribute. Store the glass bottom dish inside a 100 mm standard cell culture dish and incubate it
at 37 °Cin a humidified atmosphere with 5% CO,.

1.7.Prepare a 1.5 mL microcentrifuge tube with 200 puL of DMEM with HEPES, without phenol red
supplemented with 10% (v/v) charcoal-stripped fetal bovine serum and add TA to a concentration
of 7.5 x 107 M.

2. Experimental setup

2.1.Set the temperature of the large plexiglass microscope incubation chamber and the top stage
incubation chamber to 37 °C at the common control unit. Set the environmental conditions inside
the stage incubation chamber to 5% CO; and 100% humidity.

NOTE: The microscope cage and stage incubator temperature must be set up at least 1 h before
starting the experiment to allow heating of the complete system to minimize temperature
fluctuations. Start all other microscope control and operating units at the same time.

2.2.Induce the transcription of the reporter genes by adding doxycycline (0.5 pg/mL) to the
growth medium and gently mix by pipetting up and down with a 200 pL micropipette ~1 h before

starting the microscopy observation.

NOTE: Keep the glass-bottom dish with the transfected cells is inside a 100 mm standard cell
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culture dish for easy handling and transport from the cell culture to the microscope room in a
styrofoam container to maintain the temperature as stable as possible.

2.3.Transport the cells to the microscope at least 30 min before starting the observation and
upon arrival, place the 100 mm dish with the cells immediately inside the pre-heated large

microscope incubation chamber.

2.4.Place the microcentrifuge tube with the pre-diluted TA from step 1.7. inside the large
microscope environmental chamber to warm up to 37 °C.

2.5.Replace the lid of the glass bottom dish similar to that prepared before with a 3 mm diameter
hole drilled into the lid (Figure 2A).

NOTE: The TA will be added later to the cells through the small hole in the lid without
manipulating the dish mounted on the microscope stage.

2.6.Select the 100x (apochromatic objective, 1.4 numerical aperture) oil immersion objective in
the microscope control panel. Apply a drop of immersion oil to the objective.

2.6.1.Set the glass-bottom dish with the cells inside the microscope stage incubation chamber
and lock it in place. Close the lid of the stage incubator and all doors of the microscope housing.

2.7. Start the microscope operating and control software, open the Focus Control window
(Figure 2B), click on the Scope pane, and in the Emission Selection pane, click the 100% Eye box

to set the ocular beam path for direct sample observation by eye.

2.7.1.In the Filter Set menu, switch to Eye filter set and click Brightfield, and press the Open
Brightfield button.

2.8.Move the microscope objective towards the glass bottom dish until the oil touches the glass.
Then look through the oculars and manually focus on the plane of the cells. Switch off the Open

Brightfield button.

2.9.Leave the cells for 30 min before starting the experimental observations to adapt to
environmental conditions and prevent focal drift during imaging by temperature gradients.

2.10.Place a 200 pL micropipette and 200 pL filter tips ready to use aside at room temperature.
3. Image acquisition

3.1.In the Focus Control window of the microscope control software, set the laser intensity to 5%
and enter a value of 50 ms for the exposure time (Figure 2B).

3.2.0pen the Capture window to adjust the settings to perform an automated image acquisition
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of three-dimensional (3D) time-lapses (Figure 2C).

3.3.Select the 3D capture acquisition type and set 12 to 16 optical slices separated by 0.4 um,
tick the checkboxes of Range around current and Return to current position after capture.

3.4.In the Timelapse Capture pane, enter a value of 120 for the # of time points and 30 s for the
interval.

3.5.Select the confocal filter set according to the transfected fluorescent protein labels with A =
488 nm for GFP, A = 561 nm for TagRFPt, and A = 640 nm for iRFP713 and set the exposure time
for each channel to 50 ms.

3.6.Use the setting Current for the Laser power to use the value of 5% selected in the Focus
Window (Figure 2C).

3.7.In the Focus Control window, go to the Camera pane, select the Scale image display control
and choose the Manual button to set up a fixed range of image intensities to be displayed. Enter
values for Low: 500 and High: 5000 (see Figure 2B).

NOTE: This setting limits the dynamic range of the camera capture displayed in the live view to
select cells within the same range of fluorescence intensities (Figure 2D).

3.8.Select the cells for the 3D time-lapse imaging of transcription sites upon induction of a DSB.
Screen the cells and select three fields of view according to the conditions described in the
Discussion.

3.9.Focus each selected cell previously located in the center of the field of view with the
transcription site in the middle plane of the Z-stack.

NOTE: Centering the cell and the transcription site in XYZ accommodates for some movement of
the cell.

3.10.Mark each XYZ position in the XY pane of the Focus Control window by clicking Set Point.

NOTE: Re-visit the selected positions 2-3 times over the following 5 min to confirm continuous
transcription of the reporter genes and relative positional stability of the positions of the cells in
XYZ dimensions.

3.11.Add 200 pL of the pre-diluted TA from step 1.7. to the cells as shown in Figure 2F.

NOTE: Take extreme care not to touch the glass-bottom dish or the lid while adding the TA to
prevent any shift from the marked XY positions. After DSB induction, confirm that the cells are
centered within the field of view, and the transcription site is in the center Z-plane. The re-
focusing and position update should take not more than 1-2 min.
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3.12.Start the 3D time-series imaging by clicking on Start on the Capture window.

3.13.Save the imaging data in the microscope control software data format on the microscope
control computer hard drive.

4. Data analysis

4.1.0pen the imaging data in the microscope control software and export as 16-bit TIFF-format
files.

4.2.0pen the exported files with the StaQtool?! software. Select the Single Spot 3D mode and
load the image files by pressing Go.

NOTE: The selected time series opens in the Max Projection Timelapse Viewer, showing a
maximum intensity projection of the z-stack of the first time point (Figure 3A).

4.3.Adjust the image intensity display with the vertical MAX slider on the left side.

4.4 Select the timepoint to analyze with the horizontal Timepoint slider.

4.5.Hover the cursor to the position of the labeled transcription site for manually marking or use
the Auto detect function and press on the respective transcription site if several objects were

detected.

4.6.Use the Auto Track function to determine the XYZ positions of the transcription site over
time.

NOTE: If a given position was not tracked correctly, select the transcription site manually
according to the StaQtool software manual.

4.7.Press the Auto button to perform the Gauss fitting for each timepoint and measure the total
fluorescence intensity (TFI).

NOTE: If the transcriptional activity ceases, the tracking tool remains on the last position where
a diffraction-limited object (a labeled transcription site) was detected. If the cell moves in XY
direction after the transcription site label disappears, a manual repositioning of the search
square is required.

4.8.After finishing the TFI value fitting for each timepoint, press the End timelapse button to close
the current time-series image file and continue to the next file.

NOTE: The TFI values are automatically exported and saved in an Excel file.
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5. Microscopy calibration measurements and analysis

5.1.Seed cells into 35 mm glass-bottom dishes and transfect with the fluorescently tagged MS2
and PP7 coat proteins as described in Section 1.

NOTE: For the calibration measurements, use the same reporter gene cell lines described in the
Introduction.

5.2.Add 0.5 pg/mL of doxycycline to the growth medium of the cells 1 h before starting the
microscopy image acquisition.

5.3.Mount the glass bottom dish inside the microscope stage incubation chamber and prepare
the image acquisition as before (see Section 2).

NOTE: The original lid of the glass bottom dish is not replaced for the calibration experiments.
5.4.Use the same Laser intensity and exposure settings as described in point 3.1.

5.5.Set the Capture settings for 2D time-series (deselect the 3D option in the Capture Type pane)
and set 120 timepoints at intervals of 500 ms in the Timelapse Capture panel (Figure 2C).

NOTE: This image acquisition setting will result in time series within a single optical plane at very
short intervals.

5.6.Acquire dozens of calibration time series from multiple positions to generate data sets to
count several hundred single transcripts TFl measurements.

5.7.For the analysis of the calibration time series, convert the files to 16-bit TIFF-format files
accordingly to point 4.1.

5.8.0pen the exported files with the StaQtool?! software (Figure 3). Press the Select LOG file
button, choose the Logfile of the respective 2D time series acquired as described in point 4.2.

5.9.Select the Multiple Spots 2D check box and press the GO button to load the time series into
the analysis software.

5.10.In the Timelapse viewer window (Figure 3A), in the PSF FWHM, the input field inserts the
value calculated for the microscope system and objective as described?*.

5.11.To start the analysis process, press the Auto Detect button to detect all diffraction-limited
objects for the current time point displayed. Then, click on AutoFit to perform the Gaussian
Fitting to determine the TFI value for each object (Figure 3A).
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5.12.Alternatively, point the cursor over a diffraction-limited object and click to select it (green
circle within a white square appears), and press the Gaussian Fit button for the manual selection
and Gauss fitting procedure.

NOTE: The last mode is recommended to exclude objects not counted, such as bright
transcription sites with several nascent transcripts present in the same nucleus.

5.13.Press the End timelapse button to finish the previous step.

NOTE: The results are automatically saved in a Microsoft Excel file format in the same folder as
the image file.

5.14.Start the TFI and W Distributions module for multiple spots by pressing the respective
button (Figure 3B).

5.15.Load Excel files via the Add file button and start the TFl analysis by pressing the Go button.

NOTE: The output is the mean TFI value determined from multiple measured single transcripts
TFls.

5.16.Start the W analysis by inserting the PSF FWHM previously used in point 5.10. and press the
Go button using the default value for the Bin.

NOTE: The W parameter is quality control for the single transcript TFl measurements to comply
with the correct PSF FWHM value for the microscope system used.

6. Data and calibration merging

6.1.Enter the time series TFl values obtained from the Excel sheet saved in point 4.8. into a new
Excel sheet and divide each time point value by the mean TFI for single transcripts obtained in
point 5.15.

NOTE: For standardizing this process, custom-prepared Excel template forms were used.

REPRESENTATIVE RESULTS:

The cell lines harboring the reporter genes described in Figure 1A-C allow the study of
transcription dynamics at a single DSB in live cells. The numbers in Figure 1A-C below each
graphical reporter gene representation indicate the length in kilobase pairs (kbp). CMV indicates
the cytomegalovirus promoter, TetO is the Tet-operator sequences, pA highlights the 3' cleavage
and poly-adenylation site at the gene end. CFP-PTS is the encoded cyan fluorescent protein fused
to a peroxisomal targeting signal, and 2UBB is the encoded human ubiquitin B tandem unit. By
following the protocol and analysis procedures described above, it is possible to obtain graphs
displaying the number of fluorescently labeled reporter gene transcripts over time, with a
temporal resolution of seconds over periods of up to hours (Figure 4A-D). The graph in Figure 4A



397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440

displays the time course of TFl values of a PROM reporter gene transcription site labeled by the
accumulation of MS2-GFP molecules on nascent transcripts. This particular graph represents a
control experiment without TA addition; therefore, no DSB is induced. Transcription continues
with burst-like peaks and 2—8 transcripts at a time over the entire observation period of 60 min.
Similar results were obtained for the EX2 and EX2-AS reporter genes (data not shown here)*. The
induction of a single DSBs in the reporter genes (using I-Scel-GR-iRFP) allows studying the impact
of the DSB on the ongoing reporter gene transcription and the monitoring of transcription events
emerging from the DSB site, namely break-induced transcription (Figure 4B-D).

The dynamics of DNA break-induced transcription depend on the location of the DSB within
the gene

The induction of a single DSB by /-Scel-GR-iRFP in the reporter gene with a promoter-proximal /-
Scel recognition site leads to transcriptional silencing of the reporter gene after around 11 min
after TA addition, and the transcription is not restored within the 60 min observation period
(Figure 4B). When observing the EX2 reporter gene transcription, complete suppression of the
canonical promoter-driven transcription was detected by a simultaneously complete loss of both
MS2-GFP and PP7-RFP signals around 30 min after TA addition. However, within 10 min,
transcription restarts, as revealed by re-appearing peaks of PP7-RFP fluorescence. The complete
recovery of the PP7-RFP signal (and not the MS2-GFP fluorescence) shows break-induced
transcription initiation (Figure 4C). The break-induced transcription is not stable over long
periods; it appears burst-like and low peak intensity, indicating that only a few break-induced
transcripts were initiated from the DSB site.

The EX2AS reporter gene, which contains a 24x PP7 stem-loop array in exon Il downstream of the
I-Scel site to detect the sense transcription, shows the canonical promoter-driven transcription's
termination EX2AS reporter gene within approximately 25 min after TA addition. It is then
replaced by antisense break-induced transcription, as revealed by the accumulation of MS2-GFP
protein binding to RNA generated from antisense MS2 stem-loop sequences (Figure 4D). The
antisense transcriptional activity was absent before the interruption of the sense transcription
due to the induction of the DSB and shows in this example that several transcripts were initiated
from the break site within around 15 min. The representative data obtained here show that DSBs
have different effects on transcription depending on their location within the gene, as was
recently reported*. The data also reveal a cell to cell variability in the timing of the DSB induction
by I-Scel-GR-iRFP, which ranges from 12 to 30 min after TA addition. Furthermore, the detection
of individual transcripts allows the discovery of cell to cell and break site differences towards the
intensity of the break-induced transcriptional activity. The break-induced transcription is only
detected at DSBs within the gene. It is absent at promoter-proximal DSBs, where the canonical
transcription ceases upon a DSB for the remaining observation period.

FIGURE AND TABLE LEGENDS:
Figure 1: Reporter genes and the system to induce DNA double-strand breaks. The schematic

representation in (A) to (C) shows the structure of the three reporter genes used to study
transcription upon induction of a DNA double-strand break. The reporter gene with the
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promoter-proximal I-Scel site in the first exon (PROM) flanked downstream by a 24xMS2 stem-
loop (MS2-SL) sequence array is depicted in (A). The reporter gene with the /-Scel site in the
second exon (EX2) flanked upstream with a 24x MS2 stem-loop sequence and downstream by a
24x PP7 stem-loop (PP7-SL) array is shown in (B). The reporter gene with the /-Scel site located
in exon Il with an anti-parallel insertion of the 24x MS2 stem-loop sequence upstream of the I-
Scel site to detect antisense transcription (EX2-AS) is shown in (C). The function of the /-Scel-GR-
iRFP fusion protein construct is depicted in (D) by a graphical display and corresponding images
of live cells below. Upon transient expression of the construct (red color) in the reporter gene
cell lines, the protein is exclusively cytoplasmic, which prevents a premature cleavage of the
target site by the /-Scel endonuclease. Upon addition of TA, the fusion protein starts migrating
into the cell nucleus (indicated by a dashed line) and starts accumulating between 5-15 min.
Scalebar =10 um

Figure 2: Selecting cells for 3D time-lapse imaging of transcription sites. The photo in (A) shows
a 35 mm glass-bottom dish used for the live cell imaging, with a custom modified lid, in which a
hole of 3 mm diameter was drilled to add the TA diluted in growth medium directly. The hole
location is marked with a red circle. The panel in (B) shows a screenshot of the "Focus" window
of the microscope control software to set up the live view exposure time, filter setting, laser
intensity, and scale image display to screen for cells for subsequent time-lapse imaging in (C), the
screenshot of the corresponding "Capture" window to adjust all settings for live cells' 3D time
lapse acquisition. The specific settings for the Filter, Capture Type, Time-Lapse Capture, and 3D
Capture panes are described in section 3. In the view shown here, the settings are adjusted to
acquire a 3D time-lapse of the PROM reporter gene line transfected with the MS2-GFP and I-Scel-
GR-iRFP constructs for imaging transcription upon induction of a DNA double-strand break in the
promoter-proximal region of the reporter gene. The image in (D) is merged for the GFP and iRFP
channels and shows a field of view as seen through the microscope system, with several cells of
the 293-PROM reporter gene cell line. The cells were co-transfected with the tandem dimer MS2
coat protein construct fused to a nuclear localization sequence, two green fluorescent proteins
(GFP-MS2CP), and the /-Scel-GR-iRFP construct. Several cells show expression of the GFP-MS2CP
construct, thereby highlighting the nuclei and the /-Scel-GR-iRFP construct highlighting the
cytoplasm. The dashed square indicates the magnified region shown in (E). For the 3D time-lapse
imaging, cells are selected according to the requirements conferred in the Discussion, such as the
cell with the larger nucleus in the magnified region in (D). This cell is transfected with both
fluorescent constructs and shows a brightly labeled transcription site (arrowhead) by
accumulating the GFP-MS2CP on de novo transcribed reporter gene pre-mRNAs (left image). The
growth medium of the cells does not contain TA; therefore, the I-Scel-GR-iRFP construct is
exclusively cytoplasmic (right image). In (F), the glass bottom dish is mounted in the microscope
stage incubation chamber for 3D time-lapse imaging experiments and equipped with the custom
lid containing the TA loading hole. The 200 pL micropipette tip is carefully inserted into the hole
to apply the diluted TA to the growth medium of the cells. Scalebar = 10 um

Figure 3: Image acquisition and analysis software. The panel in (A) shows a screenshot of the
STaQTool: Spot tracking and quantification tool. The image displays an example time-series of
the PROM reporter gene cell line with labeled transcription site marked with a green circle/white
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square in the maximum intensity projection display in the center. The windows on the right-side
display a magnified view of the selected transcription site spot, the corresponding 3D shaded
intensity surface plot with the 2D Gaussian fit grid for the current time point as well as plots of
the transcription site spot Z position within the z-stack, the Gaussian fit width (W) and the TFI
measurement over time. The microscopic image in (B) shows a zoomed single optical plane of a
nucleus of a PROM reporter gene cell line transfected with MS2-GFP. The image represents a
one-time point of a 2D calibration time series with 120 timepoints. The nucleus shows several
fluorescently labeled transcripts appearing as diffraction-limited objects in the nucleoplasm
(marked by white squares). The right-hand side panel shows a screenshot of the TFI and W
Distributions tool in the STaQTool to analyze multiple spots in 2D time-lapse acquisitions. In this
example analysis, the tool detected 408 diffraction-limited spots representing reporter gene
transcripts labeled with MS2-GFP that diffuse in the nucleoplasm. The graphs on the right display
the TFl and Gaussian fit width distribution histograms of the objects and the Gaussian fit curves.
The TFl and W mean values derived from the position of the center peak of the Gaussian fit curve
and the calculated confidence intervals are displayed in the respective pane. Scalebar = 10 um

Figure 4: Representative results of transcription detection at sites of DNA double-strand
breaks. The graphs in (A) to (D) represent the calibrated TFI curve of one transcription site over
time. The TFI values are converted to transcripts using the mean TFl of single transcripts
measured in the calibration experiments for the respective reporter gene construct and
fluorescently tagged RNA stem-loop binding protein MS2 or PP7used in the respective
experiment. In (A), a graph from a control experiment using the PROM reporter gene without TA
addition is shown. Transcripts labeled with MS2-GFP indicate continuous transcriptional activity
over the entire observation period. The graph in (B) represents the PROM reporter gene upon TA
addition and induction of a DSB which leads to a suppression of transcription for the remaining
observation time. The EX2 reporter gene graph in (C) shows a transcription suppression of
canonical promoter-driven transcription upon TA addition. Later in the same time-lapse, only the
PP7-RFP labeled transcriptional activity emerges. In the graph in (D), the EX2-AS reporter gene
transcription from the canonical promoter in sense direction is similarly suppressed upon TA
addition to the EX2 reporter gene in (C). However, the appearance of MS2-RFP labeled transcripts
originating from the inverse inserted MS2 stem-loop sequence indicates antisense transcription
absent during sense transcription activity before TA addition.

Table 1: Transfection of the reporter gene cell lines. The table describes the transfection
schemes and amounts of the different plasmids used to transfect the different reporter gene cell
lines transiently.

DISCUSSION:

Conflicts between essential biological processes such as replication, transcription, DNA damage,
and DNA repair have been identified as a critical source of genome instability?2. These studies
also have led to the discovery of transcription at sites of DNA damage and attributed a functional
role to the break-induced transcripts in regulating DNA damage repair processes?3. The new tools
and the protocol described here allow further investigation of RNA Pol Il transcription dynamics
at DSBs. A critical point in this protocol is the generation of cell lines that contain a single copy of
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the reporter gene integrated into the genome. This key feature eliminates the noise created by
the transcription of several reporter genes integrated with multiple copies within a single
genomic locus and allows the collection of kinetic parameters of transcription dynamics and
individual RNA transcripts. A crucial technical requirement to observe transcription of single
reporter gene integrations is the availability of a microscope system that allows the detection of
single RNA transcripts labeled with the MS2 or PP7 system in live cells* 2. Here, live-cell
microscopy is performed on a Confocal Spinning Disk system mounted on an inverted
microscope, equipped with 100 mW solid-state Lasers coupled to an acoustic-optic tunable filter
as described elsewhere?*. Furthermore, to study transcription at a single DSB using the reporters,
individual cells must be carefully monitored to achieve the highest time resolution, which
requires imaging cells for several hours, making this a low throughput assay. Still, we observe
several cells in parallel with the positioning controlled by a piezo-driven microscope stage. For
ensuring optimal environmental conditions for live cell observation over hours, the microscope
body, including the sample stage, is placed inside a plexiglass ecological chamber. In addition, a
closed stage incubation chamber is mounted on the microscope stage and connected to CO; and
humidity supply controllers.

The first critical step in the protocol is the selection of regions of interest with cells for imaging.
Each XY position marked for imaging must contain one or more cells showing transfection with
the fluorescent RNA stem-loop binding proteins according to the reporter gene and transfection
scheme described in Section 1, Table 1, as well as in Figure 2D, E. Furthermore, the cells must
exhibit bright labeled transcription sites must be co-transfected with the /-Sce/-GR-iRFP713
construct, and the protein must be localized initially in the cytoplasm (Figure 2D and E).

The cells should show a fluorescence intensity level of unbound fluorescently tagged MS2 and/or
PP7 coat protein low enough to detect single labeled transcripts over the background
fluorescence level. At the same time, a robust fluorescence intensity level of the fluorescently
tagged MS2 and/or PP7 coat proteins is necessary to allow imaging over at least 60 min without
losing too much fluorescence due to some bleaching that occurs. The "Scale image display" with
a fixed range as described in Section 3.7 is used to allow a standardized selection of cells
according to their fluorescence intensity level.

A second critical protocol step is adding the TA to the cells on pre-determined XY positions
through the small hole in the lid of the glass bottom dish. Any manipulation of the glass bottom
dish would cause a shift from the marked XY position of the cells and must be avoided. Therefore,
carefully handling the micropipette while adding the TA diluted in the cellular growth medium is
vital for pre-selected cells' successful observation, as demonstrated in Figure 2F. The adaptation
of different systems to add drugs to cells mounted on a microscope stage, such as a perfusion
system, would require a separate stage incubation chamber with tube entrance and exit openings
and a pump or injection system to administer drugs. Other methods such as channel slides with
coverslip-like bottom surfaces result in a slow diffusion of administered drugs into the channel
and cause an additional delay between drug addition and effect. Finally, incautious pipetting into
a channel slide opening may shift the sample position as well. Therefore, the present system with
a custom drilled hole in the lid of a glass-bottom dish is straightforward to adapt, low cost, and
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suitable for administering different growth media, drugs, and components. The small diameter
of the hole and the humidified atmosphere in the stage incubation chamber also prevents drying
out of the cell medium.

A third critical step in this protocol is the data analysis, which requires a manual inspection of the
time points when transcription ceases due to the induction of a DSB. The time point of
terminating transcription is indicated by releasing the last transcripts from the previously bright
labeled site of the reporter gene transcription. Similarly, the events of break-induced
transcription initiation must be inspected with care to detect individual transcription events with
the relatively low signal-to-noise ratio of single fluorescently labeled mRNAs.

The dynamics of repair of the induced DSB adds an extra layer of complexity to the analyses of
data generated using these reporters, limiting them to the first minutes immediately after
induction of the DSB. The transgenic nature of reporter genes and the repeat-rich nature of the
MS2 and PP7 stem-loop arrays may assemble a unique chromatin landscape, interfering with
establishing putative stable break-induced transcription programs. Nonetheless, compared to
ionizing- or UV-irradiation, the /-Scel mediated induction of a DSB in reporter genes is a much
more robust system to investigate transcription at individual DSBs.

Different endonuclease systems such as I-Crel, I-Ppol, or AsiSI that have or don't have additional
recognition sites within the human genome can be combined with the present reporter gene
systems for a possible higher efficiency of generating DSBs. However, they require first
introducing the endonuclease recognition site into the reporter genes. The second may have a
similar variability on the timing and efficiency induction of a DSB in individual cells. On the other
hand, inserting tandem copies of endonuclease recognition sites may increase the efficiency of
DSB induction. Moreover, testing the presented reporter gene systems in different cell lines
would allow the comparison of transcription dynamics at DSB sites between different cellular
backgrounds and the availability of the alien DNA damage repair pathways such as in cancer cells,
primary cells, and differentiated non-cycling cells. However, the construction of the reporter
genes to be compatible with the FIp/FRT system is currently limiting the integration into available
Flp/FRT host cell lines.

In addition to microscopy-based applications, the current reporter genes may also be combined
with biochemical assays, such as chromatin immunoprecipitation, to study the recruitment of
DNA repair or transcription factors to a single DSB or to assess nucleosome occupancy, histone
modifications, and chromatin state around the DSB site. Furthermore, a combination with
different reporter systems would allow the study of functional links between DNA damage and
processes like genome organization or DNA replication.
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Reporter cell line

EX2 and EX2-AS

PROM

Plasmids to transfect

1.5 pg pl-Scel -GR-iRFP
0.65 pg pUBC-mCherry-nls-
tdPP7-mCherry

0.35 pg pUBC-GFP-nls-
tdMS2-GFP

1.5 pg pl-Scel -GR-iRFP
0.5 pg pUBC-GFP-nls-tdMS2-

GFP
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Addressing the editor’s requirements:

1. The manuscript has been proofread and corrected where necessary.

Line 69-70 has been revised and the reference to previous work was removed.

3. All commercial language was removed from the manuscript and the table of materials
was sorted alphabetically.

4. The complete protocol was simplified to short discrete steps with no more than
contain 2-3 actions per step; we removed larger text paragraphs between steps.

5. We removed sections with discussion content from the protocol and introduced it into
the section “Discussion”. The protocol contains now only action items.

6. The text in the protocol was modified to contain only imperative tense language in
complete sentences. Several “Notes” were removed, other “Notes” were shortened
to be sparing and concise.

7. We ensured that the protocol contains the necessary details on how steps are
performed.

8. We added more details to our protocol steps.

- The section from line 76 to 95 but also the following description of the different
reporter gene details from line 96 to 127 were also moved to the introduction
because of lack of “action steps”.

- Eppendorfin line 148 was replaced by microcentrifuge tube.

- In step 3.8 the software name was replaced with a generic term. All software
button “click” descriptions were set to bold type.

9. We included additional observations and conclusions drawn from the representative
data Figure. Figures showing the experimental setup are referenced in the protocol.

10. The Discussion was revised to contain:

a) Critical steps of the protocol with citations.

b) Troubleshooting and future modifications of the technique.

c) Limitations of the technique.

d) The significance with respect to existing methods.

e) Discussion of future applications of the technique.

11. All journal titles are spelled out in the References.
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Addressing the reviewer’s comments and suggestions:

Reviewerl:

Minor Concerns:

| suggest adding a sentence about how the plasmids used to introduce the reporters were
constructed. Were they synthesized? If so, by which company?

Answer: We added a sentence describing the construction of plasmids of the reporter genes
including a description of a custom synthesized gene fragment. We also added the
synthesized DNA fragment to the materials table, including the company service that made
it.

Reviewer 2:

Major concerns.

(1) Adenovirus transfection system was adopted in the experimental system, thus the
vectors were separated units rather than integrated into the chromosome, which makes the
conclusion not universal. It would better simulate the real double strand break events in cell
if the authors could use lentivirus system.

Answer: We did not adopt any Adenovirus transfection system in any part of our experimental
system. The reporter genes were integrated into a specific site in the genome of the host cell
lines by the FRT/Flp-in recombination mechanism. Therefore, our system simulates a DNA
double strand break within a gene on a chromosome of the HEK293 host cell line.

(2) The authors present the image of fluorescently labeled transcripts in Fig. 3B. It is noticed
that the signal to background ratio in the figure is low. Some signal points are also bright but
were not selected. | hope the authors can give the reasons and procedures for thresholding.
Importantly, the overall signal is weak, and it would be better if the authors could further
improve the signal to background ratio.

Answer: The image in Fig. 3B represents single mRNA molecules labeled with GFP tagged MS2
coat proteins bound to the 24xMS2 stem loops in the RNA. This image is representative of the
calibration measurements to determine the mean brightness of single labeled mRNA
molecules. The signal intensity of the individual particles can only be changed by increasing
the number of MS2 stem loops in the reporter gene mRNA (which is not desired). To increase
the signal to noise ratio a cell with lower background fluorescence level could have been
chosen. However, the background fluorescence of unbound GFP tagged MS2 coat protein
molecules varies from cell to cell due to the intrinsic variability of transient transfections. The
cell shown in Fig. 3B has a similar level of background fluorescence as those cells chosen for
imaging upon induction of a DNA double strand break. Due to the imaging regime applied, we
chose cells with a background level that allowed imaging over at least 1 h without losing too
much fluorescence due to photobleaching, but at the same time the background fluorescence
had to be low enough to allow the detection of the diffraction limited objects representing
the single labeled RNA molecules, which is confirmed by the white squares over local intensity
maxima.



Choosing cells with even lower background fluorescence to possibly increase the signal to
noise ratio would be 1. Not representing the cells used in the actual experiments and 2. The
reduced amount of fluorescent MS2 coat protein molecules may also reduce the brightness
of individual labeled RNA molecules due to slightly lower occupancy of stem loops with
binding proteins.

The selection of spots as shown in Fig. 3 is performed automatically in STaQTool by looking
for local maxima in a nuclei-thresholded image (to avoid detection of spots outside nuclei)
which is further band-pass filtered to keep only diffraction limited objects, taking into account
the FWHM of the measured Point Spread Function (0.348 um for the objective used). Only
spots with a signal-to-noise ratio higher than 10 (‘Sensitivity’ parameter in STaQTool),
measured as peak intensity over local background (in the area defined by ‘Search Radius’
parameter in STaQTool — 5 pixels), are selected for Gaussian fitting. Therefore, some objects
in the image in Fig. 3B that were not selected, did not comply to the criteria for either a
diffraction limited object or a too low signal to noise ratio. To achieve robust measurements
of the mean total fluorescence intensity (TFl) of single fluorescently labeled transcripts we
measured the TFl of hundreds of diffraction limited objects in dozens of cells

(3) The authors chose I-SCEI cutting system to simulate double strand break. Whether more
endonuclease system can be applied, which could increase the robustness.

Answer: We introduced the discussion to consider the use of alternative endonuclease
systems as suggested by the reviewer.

Minor concerns:

(4) As mentioned in the experimental setup, a lid with a hole is used for the convenience of
adding drugs. Although the idea is very creative, is it necessary? Are there any better
choices?

Answer: The holein the lid system allows adding the drugs to cells selected for imaging
before the actual addition of the drugs and without any contact to the dish with the
live cells mounted inside the stage incubation chamber. Any contact with the dish such
as removing the lid or even touching it with a pipette tip would cause a positional shift
of unknown direction and dimension. This would make it very hard to impossible to
find the pre-selected cells again after drug addition to directly start the imaging.
Different system such as live cell incubation chambers with perfusion systems cannot
be easily implemented in our microscope incubation system due to space restrains
within the stage incubation chamber as well as lack of entrance and exit plugs for
perfusion tubes. Other available systems such as channel microscopy slides with a
coverslip bottom may be an alternative, however, touching the slide when adding the
drug may as well cause a shift of the slide. More importantly, adding drugs dropwise
into a channel slide input plug results in slow diffusion of the drug into the channel
and an unknown but possible long time delay. By adding the TA pre-diluted in 200 pL
growth medium through the small hole in the lid of the dish directly to the cells, we
achieve an almost immediate effect of the /-Scel-GR-iRFP translocation within a few
minutes as shown in Fig. 1 C. Furthermore, this setup for drug addition is easy to adapt



and cheap. We added a section in the discussion to debate alternative approaches for
drug addition to cells.

(5) The authors present the cell images after TA treatment in Figure 1. However, since the
experiment lasted for an hour, it would be better if the authors provide the corresponding
images for more specific time division and may quantify the treatment efficiency.

Answer: We added images showing the I-Scel-GR-iRFP distribution over 50 min after
TA addition as requested.

(6) More cell lines could be used to test this system and the mycoplasma identification may
be needed.

Answer: Indeed, more cell lines may be used with this system, however after having
the reporter genes constructed for the FRT/Flp-In integration system we are currently
limited to available Flp/FRT host cell lines.

We added a point to the discussion of this protocol that it would be desirable to use
the reporter system in different cell lines to compare the dynamics of transcription
upon induction of a single DNA double strand break, also in view of different DNA
damage repair pathways availability in e.g. non-cycling cells.

We test our cell lines regularly on Mycoplasma contaminations to confirm their
absence.



