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20 SUMMARY:
21  Here we present a robust and detailed method of microtubule dynamics analysis in cells
22 synchronized in prometaphase using live-cell spinning disk confocal microscopy and MATLAB-
23 based image processing.
24
25  ABSTRACT:
26  We describe a modification of an established method to determine microtubule dynamics in
27  living cells. The protocol is based on the expression of a genetically encoded marker for the
28  positive ends of microtubules (EB3 labelled with tdTomato fluorescent protein) and high-speed,
29  high-resolution, live-cell imaging using spinning disk confocal microscopy. Cell cycle
30 synchronization and increased density of microtubules are achieved by inhibiting centrosomal
31 separation in mitotic cells, and analysis of growth is performed using open-source U-Track
32  software. The use of a bright and red-shifted fluorescent protein, in combination with the lower
33 laser power and reduced exposure time required for spinning disk microscopy reduce
34  phototoxicity and the probability of light-induced artifacts. This allows for imaging a larger
35 number of cells in the same preparation while maintaining the cells in a growth medium under
36 standard culture conditions. Because the analysis is performed in a supervised automatic fashion,
37 theresults are statistically robust and reproducible.
38
39 INTRODUCTION:
40  Microtubules (MTs) are highly dynamic structures found in virtually all eukaryotic cells and in
41  some bacterial. Together with actin and intermediate filaments, they sculpt the cytoskeleton?3.
42  Cell division*, molecule transport®, flagellar beating®, the sensation of the surrounding
43  environment through primary cilium’, hearing (kinocilium)®°, embryogenesis'®?'?, invasion and
44  metastasis’®!4, and even memory formation>~!8, and many other processes primarily rely on
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MTs. Participation of MTs in all these events would be impossible without their remarkable ability
to rapidly switch between growth (polymerization) and shrinkage (depolymerization). This
property is described as dynamic instability'®. MT dynamicity is altered in many pathological
conditions?®22, Hence, determining the nature of this property can help to understand disease
mechanisms and subsequently their treatment.

A long list of methods has been developed for MT dynamics analysis, most of which are based on
imaging techniques?3. Initially, wide field light microscopes were used for observing the
formation of tubulin polymers in vitro?*. The discovery of end-binding (EB)-proteins that collect
at MT plus-ends and the development of methods to fluorescently label proteins made it possible
to observe the behavior of MTs directly in living cells with wide field and confocal fluorescence
microscopes?>~?’. One EB-protein is end-binding protein 3 (EB3)?%; by overexpressing and tracking
EB3 fused to a fluorescent protein, MT plus-end assembly rates can be determined?%3°,

Confocal laser scanning fluorescence microscopy (CLSM) is frequently used to follow MT
dynamics. However, this imaging technique poses a high risk of phototoxicity and
photobleaching, two undesirable processes for live cell and dim sample imaging3!. In order to
obtain a better signal-to-noise ratio, the laser power and the exposure duration should be high
enough while not damaging the samples, and this requires sacrificing resolution in exchange for
speed. A suitable alternative to CLSM is spinning disk microscopy3?. This imaging modality is
based on the use of a Nipkow disk33, which consists of a moving disk bearing an array of pinholes,
and works equivalently to many CLS microscopes imaging the same sample simultaneously3?.
Therefore, the light from the laser will illuminate several regions in the sample simultaneously
but retain the confocal nature. The Nipkow disk, therefore, allows obtaining images similar to
CLSM but faster and using less laser power. The Nipkow disk was further improved by Yokogawa
Electric, which introduced a second disk with an array of microlenses on it that individually direct
light into a respective pinhole, further reducing phototoxicity and photobleaching3. Thus,
spinning disk laser scanning microscopy became a method of choice for live cell imaging, and it
makes it possible to obtain images with high signal-to-noise ratio at a high speed3%3, which is
crucial for resolving signals such as those from the fast-growing MT ends.

MT dynamics differ temporarily. For example, the mitotic MTs are more dynamic than the
interphase ones3”38, Similarly, differences in the growth rate and shrinkage have been observed
even within the same cell cycle phase, such as mitosis3¥%°. Therefore, to avoid false data
collection, the measurement of MT dynamics should be limited to a narrow time-window during
the cell cycle. For example, measurement of MT dynamics in prometaphase can be achieved by
treating the cells with dimethylenastron (DME), a monastrol analogue that inhibits the motor
kinesin Eg5*! and prevents the formation of the bipolar mitotic spindle*2. Inhibition of cells at
prometaphase with Eg5 inhibitor DME and other monastrol derivatives does not affect the MT
dynamics**~*°, which makes DME a useful tool for studying MT dynamics both in fixed and live
cells*,

Here we combine the method of MT dynamics analysis in prometaphase cells described by Ertych
et al.** with dual spinning disk imaging. This method allows measurement of the MT dynamics in
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prometaphase cells collected from a single focal plane with a higher imaging rate, yet without
photobleaching and minimal phototoxicity. Furthermore, as a fluorescent reporter, we use
tandem dimer Tomato fluorescent protein (tdTomato) which has improved brightness and
photostability in comparison to the green fluorescent protein (EGFP) and is excited with lower
energy light®. Therefore, tdTomato requires less laser power for excitation and is less phototoxic.
Altogether, we further improve the method by reducing the phototoxicity and improving the
resolution and postprocessing required for the MT dynamics analysis. Additionally, we create a
basis for future modifications of the method by combining it with other synchronization
techniques.

PROTOCOL:
1. Seeding of Hela cells

1.1.  Prepare 2 mL of 5 pg/mL fibronectin solution in phosphate buffered saline (PBS) and add
450 pl of it into each well of a 4 well chambered coverslip (#1.5). Incubate the slide for 15 min at
37 °Cand 5% CO..

1.2.  Rinse asynchronously growing Hela cells with Dulbecco’s Phosphate Buffered Saline
(DPBS) and incubate with trypsin-EDTA (0.05%: 0.02%; w:v) for 5 min at 37 °C. Stop the enzymatic
reaction by the addition of Roswell Park Memorial Institute (RPMI) 1640 medium supplemented
with 10% heat-inactivated fetal calf serum (FCS) at 3:1 (v:v) ratio of added trypsin-EDTA.

NOTE: Hela cells were maintained in RPMI 1640 medium supplemented with 10% heat-
inactivated FCS at 37 °C and 5% CO2 and were routinely passaged once they reached 80-90%
confluency as described above.

1.3. Determine the cell concentration using a Neubauer chamber. Mix a 50 pL aliquot of the
cell suspension with trypan blue at 1:1 (v:v) ratio, resuspend, and transfer 10 uL of the suspension
into the chamber. Count only the trypan blue-negative cells inside of the four large squares (for
details see Phelan et al.#’). Derive the cell concentration from the counted cell number using the
following formula:

(number of cells X dilution factor x 10,000)
number of squares

Concentration (cells/mL) =

1.4.  Pellet the cells by centrifugation at 300 x g for 2 min. Resuspend with fresh RPMI 1640 in
order to obtain 1 x 10° cells/mL.

1.5. Remove the fibronectin from the chambered coverslip, wash the wells twice with DPBS,
and seed 50,000 cells per well.

1.6. Returnthe chambered coverslip with the cells to the incubator and grow them for 24 h at
37 °Cand 5% CO..
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2. Expression of pEB3-tdTomato in Hela cells.

2.1. Prepare a 1.5 mL microcentrifuge tube. For each tube, dilute 2 pg of pEB3-tdTomato*
with transfection buffer (synthetic product in aqueous solution) to a final volume of 396 pL.

2.2. Add 4 pL of transfection reagent (non-lipidic, containing polyethylenimine) to the first
tube, and vortex the mixture immediately for exactly 10 s.

2.3.  Briefly spin down the tube with a microcentrifuge and incubate at room temperature (RT)
for 10 min.

2.4. Remove the Hela cells from the incubator. Dropwise, add 100 uL of the transfection
mixture to each well of a 4 well chambered coverslip, and return the cells to the incubator.

2.5. After 4 h of incubation at 37 °C and 5% CO,, supplement the cells with fresh growth
medium and incubate for at least 24 h at 37 °C and 5% CO..

NOTE: It is necessary to optimize transfection conditions for each cell type. The expression levels
need to be low enough to allow the identification of single MT growing ends. Alternatively, a cell
line stably expressing EB3-tdTomato can be used in the experiments; this would reduce variability
in expression levels of EB3-tdTomato between preparations and between cells from the same
preparation®,

3. Synchronization and live-cell imaging of pEB3-tdTomato—expressing Hela cells.

3.1. Prepare a 2.5 uM solution of dimethylenastron (DME) in phenol-red free Dulbecco's
Modified Eagle Medium (DMEM) supplemented with 10% FCS and 2 mM L-glutamine or an
alternative glutamine supply.

3.2. Replace the growth medium in the chambered coverslip with 500 uL of the growth
medium containing 2.5 uM DME and incubate the cells at 37 °C and 5% CO,.

3.3. After 3.5 h of incubation with DME, transfer the cells to the microscope, mount the
chambered coverslip into an environmental chamber with dark panels for imaging at 37 °C and
5% CO,, and further incubate until the total incubation time is 4 h.

NOTE: The maintenance of the temperature at 37 °C without fluctuation is crucial for the
experiment.

3.4. Perform the time-lapse imaging on an inverted microscope equipped with a 100x 1.49
N.A. oil immersion objective, a dual spinning disk confocal system, and a reliable autofocus
system for continuous maintenance of the focal plane. Define the imaging parameters as follows.
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NOTE: We use an Electron Multiplying Charge-Coupled Device camera (EM-CCD).

3.4.1. For EB3-tdTomato excitation, use a 561 nm laser line with 200 ms exposure time. Collect
the emitted light through a quadruple bandpass (405, 488, 561, 640 nm) dichroic mirror and a
600/52 nm emission filter.

NOTE: Laser power can be adjusted for each imaged cell to prevent image saturation. In all time-
lapse movies given here the laser power was set to 5.3 mW.

3.4.2. Find a cell in prometaphase and focus in the Z-plane corresponding to the center of the
monopolar mitotic spindle. Acquire images every 0.5 s over a total of 1 min with no binning and
no illumination between the exposures.

4, Analysis of the MT dynamics using U-Track v2.2.0

4.1. To analyze the MT dynamics a numerical computing environment software is required
(e.g., MATLAB).

NOTE: Basic understanding of the software is sufficient for the analysis. Comprehensive help
material and tutorials are available on the developer’s website
(https://uk.mathworks.com/products/matlab/getting-started.html).

4.2. Download (https://github.com/DanuserLab/u-track) and install the open-source U-Track
v2.2.0 software following the detailed instructions given in the "Readme_u-track.pdf" file>%>2,

4.3. Launch the numerical-analysis software and add U-Track v2.2.0 folder with subfolders
into the software search path.

4.4. Fromthe command window call "movieSelectorGUI". This opens a dialogue window from
which the raw files generated by the image acquisition software at the microscope can be
imported (Supplementary Figure 1, Figure 2, Figure 3, Figure 4).

NOTE: The U-Track software is compatible with other image data formats. It uses Bio-Formats,
which recognizes different life science data formats®3.

4.5. The size of each image is read from the metadata automatically. Manually enter the
numerical aperture of the objective (in this case 1.49) and the time interval (0.5 s) used for
imaging (Supplementary Figure 1B). Additionally, information on the excitation wavelength, the
fluorophore, and the exposure time can also be provided, but they are not critical for further
analysis.

4.6. Once all the images are loaded, save the entered time-lapse series as a movie list by
selecting the "Save As Movie List". On the right side of the dialogue window select the "U-Track"
option and press "Continue" (Supplementary Figure 1C).
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NOTE: The values are optimized for Hela cells. If switching to a different cell line, the values
should be defined again. Alternatively, use the settings recommended by the software
developers. The detailed explanation of each of the parameters and how they should be defined
can be found in the technical report provided with the previous version of the software,
plusTipTrackerC.

4.7. Fromthe pop-up window select "Microtubule Plus-Ends" and press "Ok" (Supplementary
Figure 1C). The new dialogue window allows determining the parameters for the three steps of
the analysis (Supplementary Figure 1D), which are detection, tracking, and track analysis.

4.8. Instep 1 choose "Settings" and from a drop-down menu select "Comet Detection" as a
detection method (Supplementary Figure 2B).

4.8.1. From the new dialogue window define the parameters for the difference of Gaussians filter
and the watershed segmentation as follows (Supplementary Figure 2C): Mask process to be used
for the detection = None; Low-pass Gaussian standard deviation = 1 pixel; High-pass Gaussian
standard deviation = 3 pixels; Minimum threshold = 3 standard deviations; Threshold step size =
0.25 standard deviations. Select "Apply Settings to All Movies" and "Apply".

4.9. Instep 2, the parameters for linking, gap closing, merging and splitting, and Kalman filter
functions are defined in three steps as highlighted in pink, green, and blue, accordingly
(Supplementary Figure 3B). For these steps, select the "Microtubule Plus-end Dynamics" and
from the "Setting" option define the values as indicated in Supplementary Figure 3C-E,
respectively.

4.9.1. For problems with dimensionality, choose "2" from the drop-down menu. Use Maximum
Gap to Close =5 frames; Minimum Length of Track Segments from First Step =3 frames. As before,
select "Apply Settings to All Movies" and click on "Apply".

4.10. In step 3 of the analysis, the detected MT tracks are classified (Supplementary Figure 4).
As a track analysis method, choose "Microtubule Dynamics Classification" and define the
parameters through the "Setting" button as indicated in Supplementary Figure 4B,C. After that,
choose the "Apply Settings to All Movies" box and click on "Apply".

4.11. Once all the parameters are defined, from the "Control Panel-U-Track" window
(Supplementary Figure 1D) select the "Apply Check/Uncheck to All Movies" and "Run All
Movies" boxes and press "Run". This will initiate the MT analysis of the time-lapse series.

4.12. Once the movie processing is completed, a message "Your movie(s) have been processed
successfully" is displayed. Press "Ok", then "Save".

4.13. Now it is safe to quit the numerical-analysis software. The results from the movie
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processing are stored in subfolder structures as m-files in the folder where the raw files are
stored.

5. Statistical analysis of the MT dynamics
5.1. Import the m-files into a preferred statistic analysis program.

NOTE: In our case, we first import the files in a standard spreadsheet to make them readable.
The m-files contain statistical information (median, mean, and standard deviation) on different
parameters (e.g., growth speed, MT dynamicity). The detailed list of the parameters is given in
the technical report provided with the previous version of the software, plusTipTracker>%°2, The
generated m-files can also be imported into other data processing software.

5.2.  Choose the "growth speed mean" parameter and import it into a table for statistics and
display. Enter the information on other parameters, (e.g., "dynamicity") either in a new table or
in a new column of the same grouped table and plot.

REPRESENTATIVE RESULTS:

Following the given protocol outlined in Figure 1A, the pEB3-tdTomato plasmid was transiently
expressed in asynchronously growing Hela cells. The cells were synchronized 48 h after the
transfection at prometaphase through DME treatment (Figure 1B). This step ensured that the
measurement of MT dynamics was always done at the same phase of the cell cycle. The time-
lapse movies were further processed and analyzed with U-Track v2.2.0 as described in its
supplementary documentation®®>2. Although the plus-end binding proteins trace only MT
growth phases, the U-Track v2.2.0 extrapolates the information on the pause and shrinkage
events by linking sequential growth phases and reconstructing the full trajectories?®°°, The
algorithm is based on the spatially and temporally global tracking framework described by
Jagaman et al.>?,

It is important to note that the sensitivity and accuracy of the analysis are strongly dependent on
several analysis parameters. As an example, the time-lapse movies were analyzed as described
in the protocol (Figure 1C, Video 1 "Before", and Video 2 "After" the analysis), and the resulting
growth speed and dynamicity (collective displacement of gap-containing tracks over their entire
lifetime) are plotted in Figure 1E,F, respectively (black circles). Then the parameters described to
greatly affect the analysis®°, such as "Maximum Gap Length" and "Maximum Shrinkage Factor"
were modified for the same set of time-lapse movies (Videos 3 and 4, respectively). The
corresponding values of growth speed and dynamicity are given in Figure 1E,F as red squares and
blue triangles, respectively. The resulting growth speed was not deeply affected. However, the
values obtained for dynamicity were significantly different when "Maximum Gap Length" was
modified, while it remained unchanged upon altering the "Maximum Shrinkage Factor". As
shown in Figure 1D, in all three cases the detection of the MT subtracks was similarly robust. Yet,
the reconstruction of the full MT trajectories was mostly affected when "Maximum Gap Length"
was set to 15 (Figure 1D, inset images). Further, in order to assess whether the imaging
conditions interfered with the MT behavior, the first (1-61 frames) and the second (61-121
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frames) halves of the time-lapse series were analyzed separately and the corresponding growth
speed and dynamicity values were compared (Figure 1G,H, respectively). As expected, no
significant differences were detected between the two parts of the time-lapse series. In videos
1-8 time-lapse images of a mitotic cell synchronized in prophase and expressing EB3-tdTomato
are given (duration = 1 min; interval = 0.5 s).

FIGURE AND TABLE LEGENDS:

Figure 1: Analysis of the MT dynamics in Hela cells synchronized in prometaphase. (A) An
outline of the steps of the protocol. (B) The schematic representation of the mechanism of DME
mediated formation of a monopolar mitotic spindle. (C) A montage of the first 10 frames of the
time-lapse movie processed with U-Track software with every second frame shown. The detected
trajectories of the MT growth are marked with red. (D) The time series projection of the raw
image file and after MT tracking using the settings described in the protocol ("optimal"), and
when changing either "Maximum Gap Length" or "Maximum Shrinkage Factor" are given. The
insets represent the full MT trajectories, which consist of the growth (red), pause (light blue),
shrinkage (yellow), fgap reclassified as growth (green) and bgap reclassified as pause (dark blue)
events. The growth speed means (E) and the dynamicity (F) values are shown, and the results
using either of the suggested optimal criteria (black circles), maximal gap length set to 15 (red
squares), or the maximal shrinkage factor set to 1.0 (blue triangles) are plotted (n = 45 cells; mean
+ SEM; one-way ANOVA analysis with Tukey post hoc test for multiple comparison). The growth
speed means (G) and the dynamicity (H) values are shown for the first (1-61 frames) and second
(61-121 frames) halves of the time-lapse movies (n = 45 cells; mean + SEM; unpaired t-test with
Welch's correction).

Video 1. A representative time-lapse raw image of a prometaphase cell before the analysis.

Video 2. Detection and tracking of the MTs in a cell in Video 1 using the suggested settings for
U-Track software. The same time-lapse image in Video 1 processed with U-Track v2.2.0 software
using the described settings, and the detected growth tracks are marked in red.

Video 3. Detection and tracking of the MTs in a cell in Video 1 using a nonoptimal value for the
"Maximum Gap Length". The same time-lapse image in Video 1 processed with U-Track v2.2.0
software using the same settings as before, but with the "Maximum Gap Length" set to 15. The
rest of the parameters were not altered.

Video 4. Detection and tracking of the MTs in a cell in Video 1 using a nonoptimal value for the
"Maximum Shrinkage Factor". The same time-lapse image in Video 1 processed with U-Track
v2.2.0 software using the same settings as before, but with the "Maximum Shrinkage Factor" set
to 1. The rest of the parameters were not altered.

Video 5. An example of a time-lapse series of a cell with cell debris. After the analysis, some cell
debris was also detected by the software during MT tracking.

Video 6. Raw data corresponding to Video 5.
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Video 7. An example of a time-lapse series of a cell with a high expression of EB3-tdTomato
resulting in poor definition of growing tips.

Video 8. Raw data corresponding to Video 7.

Supplementary Figure 1. The workflow of the analysis using U-Track software. (A) A schematic
of the steps employed by the software. (B) A screenshot of the Bio-Formats importer showing
how to import the time-lapse files. (C) After uploading the files, U-Track with the MT plus-ends
module is selected. (D) A screenshot of the control panel of U-Track where the settings for comet
detection, tracking, and track analysis are defined.

Supplementary Figure 2. Description of the first step of the analysis, the comet detection. (A)
An outline of the major events performed by the algorithm. (B, C) Screenshots from the software
are given with the optimal values indicated.

Supplementary Figure 3. Description of the second step of the analysis, the comet tracking. (A)
The main steps performed by the algorithm are outlined. (B) A screenshot of the "Tracking" panel
is given. The Maximum Gap Close corresponds to the Maximum Gap Length and is set to 5. The
tracking of three substeps highlighted with red, green, and blue rectangles. (C,D,E) The numerical
values necessary for each substep are entered here. The Maximum Shrinkage Factor is set to 1.5
as indicated in (D).

Supplementary Figure 4. Description of the last step of the analysis, track analysis. (A) The MT
dynamics classification and reclassification of the compound tracks is performed during this step.
(B,C) Screenshots of the track analysis and the corresponding settings are shown.

DISCUSSION:

Here, we describe a modification of a method first established by Ertych et al.?4. Along with
several other modifications, we combine this technique of MT dynamics analysis with dual
spinning disk confocal imaging. The use of the dual spinning disk improves the resolution of
growing MTs while reducing phototoxicity3¢. We further reduce the photobleaching and laser
light-induced damage of the cells by switching to a longer wavelength fluorescent reporter. The
tdTomato fluorescent protein has a higher coefficient of photostability and brightness in
comparison to an EGFP*, Finally, the measurement of MT dynamics is limited to only one Z-plane
due to the limitations of the follow-up analysis with U-Track. The U-Track software is designed to
detect the fluorescently-labelled MT tips in an XYZ-axis*%°1, Therefore, taking a Z-stack time-lapse
series and creating maximal projection time-lapse series is prone to generate false results. Signals
detected in different Z-planes and not belonging to the same growing MT are brought together
in the maximal projection, thus creating a false trajectory of MT growth.

The synchronization protocol used here induces a high density of MTs by restricting the mitotic
spindle to a monopolar structure. The mitotic MTs are highly dynamic structures with phases of
growth and shrinkage, with a pause at the transition between them®°4°5, Due to the high density
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of the growing MTs, detection of the pause events followed by either shrinkage or growth is
prone to false results if the tracking parameters are set incorrectly. The U-Track software tracking
modules detect so-called subtracks (episodes of continuous growth) and then classifies them as
compound tracks with pause events termed "gaps". Applegate et al. discuss two parameters
critical for the tracking and subtrack linking™°. These are "Maximum Gap Length" and "Maximum
Shrinkage Factor". If the subtrack being followed reappears in the growing direction of the MT in
the subsequent time-steps, then it is classified as a forward gap. On the other hand, if the
subtrack reappears opposite to the growth direction, it will be classified as a backward gap. The
Maximum Gap Length defines the number of the frames to be searched for the forward and
backward gaps. As mentioned, the high density and by nature high dynamicity of the mitotic MTs
sets the limitation, and smaller values should be defined. As shown in Figure 1E the dynamicity
is affected the most. The dynamicity is calculated as collective displacement of all gap-containing
tracks over their global lifespans. The second parameter, the Maximum Shrinkage Factor, has
little to no effect on either dynamicity or growth speed (Figure 1D,E).

In general, when studying MT growth properties, careful attention should be paid to the imaging
conditions. First, the MTs are very sensitive to temperature and depolymerize when exposed to
cold growth medium>®=°. Therefore, to avoid the collection of false results, the temperature
should be strictly controlled throughout the entire experiment. Second, the ionic composition of
the medium used during the experiments can affect MT growth>®®. For example, exposure to
calcium ions affects the MT dynamics in different ways®%-2. Hence, the composition of the growth
medium used in all experiments should be the same. Similarly, the parameters of the analysis
should be defined once and maintained constant for all the repetitions. Additionally, the time-
lapse movies generated after the analysis should be visually inspected, and any movie with
background noise giving rise to false positives (Videos 5 and 6) or with high expression of
tdTomato resulting in poor resolution of the MT growing tips (Videos 7 and 8) should be excluded
from further statistical analysis.

Recently, the combination of lattice light-sheet microscopy of a mitotic spindles at subsecond
intervals, together with sophisticated image processing allows the analysis of MT assembly rates
in three dimensions®*%4, This has obvious advantages over CLSM, but further improvements will
be required before the method becomes of general use, such as the expansion of strategies used
in U-Track to the third dimension?26-°0:63,

The protocol of MT dynamics detection we describe here can be a method of choice for drug
screening. The method is robust, and it successfully removes human bias compared to the
analysis performed manually. The automation of the movie processing allows the analysis of
thousands of MT tracks within each cell, thus increasing the statistical power of the analysis.
Furthermore, the method can be modified by changing, for instance, the synchronization
protocol and obtaining cells from different phases of the cell cycle. This can, for example, be a
useful tool for screening MT targeting chemotherapeutic drugs when the effect on interphase
and dividing cells should be distinguished.
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10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
Name:
Luis A. Pardo
Department: | AG Oncophysiology
Institution: Max-Planck-Institute of Experimental Medicine
Title: Research Group Leader

Signature: M

Digitally signed by Luis A. Pardo
Date: 2019.06.25 14:41:59 +02'00'

Date: June 25, 2019

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Faxthe document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Dear Editors,

Thank you very much for handling our submission. We also wish to thank the reviewers for
their helpful comments.

Enclosed please find a revised version of the manuscript, where we have responded to the
editorial and reviewer requests and comments. A detailed response to the reviewers follows.

Reviewer #1:

Manuscript Summary:

The manuscript describes a method to track growing microtubule ends in monopolar
spindles generated by treating HelLa cells with Dimethylenastron, an Eg5 inhibitor.
Timelapse data are obtained using spinning disk microscopy in a single plane of cells
transiently transfected with EB3-tdTomato. The analysis is using u-track, a MATLAB-based
open source software by the Danuser lab. Therefore, the title is misleading and should better
reflect what the method actually shows: e.g. "Measurement of microtubule assembly by
spinning disk microscopy in monopolar spindles"

Thank you very much for this comment. The title is more accurate this way. We have kept
the word “dynamics” instead of “assembly” because we believe it is also more accurate. The
title reads now: “Measurement of microtubule dynamics by spinning disk microscopy in
monopolar mitotic spindles”.

Major Concerns:

The method described has major limitations, the discussion of which is missing from the
manuscript.

1. Using a marker for growing plus ends limits the analysis to microtubule assembly speed
rather than the full set of microtubule dynamics parameters.

We agree that the method measures only growth events directly. Nevertheless, the
subsequent anlaysis extrapolates the information on the pause and shrinkage events by
linking sequential growth phases meeting certain criteria. The reconstruction of full
trajectories 2 is based on the spatially and temporally global tracking framework 2. This has
been now clearly stated in the revised manuscript: “Although the plus end binding proteins
trace only MT growth phases, the U-Track v2.2.0 extrapolates the information on the pause
and shrinkage events by linking sequential growth phases and reconstructing the full
trajectories 2°°°, The algorithm is based on the spatially and temporally global tracking
framework described by Jagaman et al. °*” (lines 324-351).

2. Arresting cells with an Eg5 inhibitor does not result in prophase cells, but a
prometaphase-like state. How comparable microtubule dynamics measured in these
arrested cells versus cycling cells in prometaphase is unclear and not discussed.

Thank you for pointing this out. We have corrected the definition of the phase of arrest.
Other than that, it has been shown that arrest of cells at prometaphase with Eg5 inhibitor
monastrol and its derivatives, such as dimethylenastron, does not affect microtubule
dynamics “%. We have explicitly included this information: “Inhibition of cells at
prometaphase with the Eg5 inhibitor DME and other monastrol derivatives does not affect
microtubule dynamics**“°, which makes DME a useful tool for studying MT dynamics both in
fixed and live cells*” (lines 108-109).

I+
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3. Imaging in a single plane is a severe limitation to obtaining any useful information about
the lifetime of assembly events. This can be overcome by rapid volume imaging using lattice
light sheet microscopy, which is far superior to spinning disk confocal imaging hailed as the
best available in the manuscript. A fine example of plus tip tracking in 3D in cycling mitotic
cells is here (DOI: 10.1117/1.JB0.20.10.101206) and the authors should cite it and compare
their data to the data obtained for prometaphase cells therein.

The lattice light-sheet microscopy approach is indeed superior, but it is still less generally
available than spinning disk, and requires much more time and computer power, as pointed
out by Yamashita et al. in the manuscript the reviewer suggested. We have been more
explicit and clarified that the method we describe is not the best available, but is in
comparison more accessible. “Recently, the combination of lattice light-sheet microscopy of
a mitotic spindle at sub-second intervals, together with sophisticated image processing
allows the analysis of MT assembly rates in three-dimensions®*%4, This has obvious
advantages over CLSM, but further improvements will be required before the method
becomes of general use, such as the expansion of strategies used in U-Track to the third
dimension?6:5963” (lines. 480-484).

4. 1t is unclear to me why the authors choose to do a transient transfection in HelLa cells
resulting in highly variable expression of EB3-tdTomato. Stable HelLa cell lines expressing
EB3-tdTomato have been published previously and could have been obtained from the
authors (for example DOI: 10.1038/ncb2297).

We use transient transfection for several reasons. First, we are anyhow transfecting the cells
for our experiments. Furthermore, this allows us to be less worried about insertion artifacts,
clonal enrichment and other problems of stable cell lines. At the same time, we typically
obtain faint fluorescence in stable cell lines, unless we specifically select for cells highly
expressing EB3, which would introduce a bias. Nevertheless, it could be very advantageous
in other settings, and we state this in the new version of the manuscript. We discuss the
possibility of using a cell line stably expressing EB3-tdTomato as a note in the protocol.
“Alternatively, a cell line stably expressing EB3-tdTomato can be used in the experiments;
this should reduce variability in expression levels of EB3-tdTomato between preparations
and between cells from the same preparation*®” (lines 188-190).

5. Further, the authors should test how robust their method really is and how much damage
the cell experiences during imaging. A possible way to demonstrate this, is to compare
microtubule assembly speed in the first half of the movie versus the second half of the movie
and show that resulting data are not significantly different from each other. Another test for
robustness is how well the tracking works for different intensity images. It would be good to
show an overlay of the time projection of the movie and the actual tracks as it would allow
the reader to judge whether the tracking is faithful. The authors suggest to use the same
parameters for the entire dataset, so the tracking should be shown for a low-expressing and
a high-expressing cell across the range they suggest suitable for the experiment.

Thank you for pointing this out. We have now added three additional points in Figure 1 (D, G
and H). Firstly, in Figure 1, D we included time projection images of the time-lapse movies
before and after tracking for the suggested optimal conditions, and for each of the
parameters discussed. Secondly, we compared the two halves of the movies and growth
speed mean (Figure 1, G) and dynamicity (Figure 1,H) values are plotted. There were no
significant differences between the two halves. For readers to get the impression on which
kind of cells should not be included in the analysis, we included additional videos (Videos 7
and 8).

Minor Concerns:



The method is of limited use as it is described for a specific model of microscope and
proprietary imaging format. It would be good if the authors would comment on how other
formats of imaging data could be integrated into the same pipeline.

We have described the method for our particular system, which is what will be shown in the
video. The software we suggest uses Bio-Formats image importer, which allows to import and
analyse virtually any image format. “The U-Track software is compatible with other image data
formats; it uses Bio-Formats, which recognises different life science data formats®” (Lines
251-252).



Reviewer #2:

Manuscript Summary:

In this manuscript the author present a modified protocol for measuring microtubule
dynamics in Prophase arrested HeLa cells using spinning disk microscopy. They highlight
the advantage of spinning disk laser scanning microscope over confocal laser scanning
microscope in terms of fast imaging with high signal to noise ratio. The authors
overexpressed td-tomato-labeled EB3 protein in HelLa cells to study MT plus-end assembly
rates. The author claims that tdTomato fluorescent protein has improved brightness and
photostability in comparison to the EGFP and tdTomato require less laser power for
excitation thus improving resolution and postprocessing during MT dynamics analysis.

Major Concerns:
1. The paper lacks a clear biological statement/question.

Since we describe a method rather than answering an exact biological question, we give
only a very general background on the importance of microtubule dynamics analysis (lines
53-62).

2. The authors do not actually show that the spinning disk or the FP led to decreased
phototoxicity. It is an assumption. For example, they should compare and analyze the
expression of both td tomato and EGFP constructs. Also, did the author encounter the
problem of aggregation of td tomato? The cell debris they refer in supplemental movie 5
might be aggregation.

Thank you very much for your comment. We however respectfully disagree. It is a well
established fact that phototoxicity is directly proportional to the energy delivered &', which is
lower in spinning disk microscopy (compared to laser scanning) and also lower the longer
the excitation wavelength. The effect of blue light, in particular on cell division has also been
described 8. We did not encounter aggregation of tdTomato, and this can be due to the low
levels of expression we intentionally use (please see response to comment #4 from reviewer
1). This gives us the possibility to identify dynamic microtubules. Nevertheless, the MT
tracking software also limits the analysis only to certain particle size.

3. It is hard to understanding the terms used in Figure 1D and E. Figures 1D & E show that
the two factors (viz. 'maximum gap length' and 'maximum shrinkage factor') do not change
the growth speed analysis but affect the dynamicity analysis. However, the values of these
parameters/factors are not mentioned properly. Please mention these values for the three
cases presented in the figure. It is also surprising to see that these two parameters do not
have any effect on the growth speed because the values for these three cases presented in
Figure 1D are identical.

The growth speed is derived from the sub-tracks and, therefore, it is not affected by the
parameters, such as “Maximum Gap Length” and “Maximum Shrinkage Factor”, whereas
dynamicity defined as “collective displacement of all gap-containing tracks over their
collective lifetimes” will be affected the most. “Maximum Gap Length” defines the number of
frames after or before the current frame which will still be considered as part of one MT
trajectory, whereas “Maximum Shrinkage Factor” shows times difference of shrinkage speed
compared to the growth speed. Therefore, collectively these two parameters will define the
size and duration of the “gap”. In other words, these two parameters are required for
reconstructing the full trajectory with all the “gap” events in it, and thus influencing only the
dynamicity, but not the growth speed.

4. The authors pointed out that "the sensitivity and accuracy of the analysis are strongly
dependent on several aspects". However, the authors should specifically mention some of
these "aspects".



Thank you for pointing this omission out. We have now defined which “aspects” we were
referring to.

5. The authors need to show how the other parameters of the U-Track software, such as
thresholding parameters, maximum forward angle to link the tracks etc. alter the results.

The reviewer is right that this is a very important information. However, we are just users of
the software, and left those definitions to the actual creators of the tool. We are merely
combining already established methods with spinning disk confocal microscopy and the use
of a red fluorescent probe, and we refer the readers to the documentation of the software
and original publications where all the parameters are described and explained in great
detail.

Minor Concerns:
1. What laser powers were used?

The imaging was performed at a laser power of 5.3 mW and 100 ms exposure time with the
shutter closed between the time intervals. We now mention this on lines 221-222.

3. Detail about statistical analysis should also be mentioned in point 5, line 237.

Thank you for pointing this out. We have added the information. “The m-files contain
statistical information (median, mean and standard deviation) on different parameters, such
as growth speed, MT dynamicity, etc. The detailed list of the parameters is given in the
technical report provided with the previous version of the software, plusTipTracker®®%2” (lines
303-308)
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Editorial comments.

We have edited the revised manuscript to remove any commercial names, and addet titles to
the video files.

We have uploaded the revised figure in .ai format.



