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Abstract

The cell nucleus contains different domains and nuclear bodies; their position relative to each
other inside the nucleus can vary depending on the physiological state of the cell. Changes in
the three-dimensional organization are associated with the mobility of individual components
of the nucleus. In this paper, we present a protocol for live-cell imaging and analysis of
nuclear body mobility. Unlike many similar protocols, our image analysis pipeline includes
non-rigid compensation for global nucleus motion before particle tracking and trajectory
analysis, leading to precise detection of intranuclear movements. The protocol described can

be easily adapted to work with most cell lines and nuclear bodies.

Keywords: Nucleus, Nuclear body, Mobility, Interphase prenucleolar bodies, Particle

tracking, Global non-rigid motion compensation



1 Introduction

Cell nucleus contains numerous structures referred to as nuclear bodies (NBs) [1]. The most
known example of a NB is the nucleolus [2]. NBs concentrate coding and non-coding RNAs,
as well as proteins which are necessary for genome functioning. The position and mobility of
NBs within the nucleus play an important role in the regulation of genome functions [3]; at
the same time few studies on the NB mobility exist as this is a challenging task. Here, we
describe a simple and robust protocol to study the NB mobility in vivo and discuss technical
problems and the ways to solve them using an example of experimentally induced NBs,
interphase prenucleolar bodies (iPNBs). iPNBs are formed in interphase nuclei from partially
disassembled nucleoli when cells return to isotonic conditions from a hypotonic shock [4].
iIPNBs contain nucleolar proteins NPM1 (B23 or nucleophosmin) [4-7], NCL (C23 or
nucleolin) [8] and pre-rRNAs [7]. In contrast to the majority of other NBs, a large number
(several hundred per nucleus) of iPNBs is induced simultaneously, and they are uniformly
distributed within the nuclear space [7].

The analysis of NB mobility is a complex problem as living cells move and deform
during image acquisition. The observed motions consist of two components: a local motion of
the NBs and a global motion of the nucleus (displacement and deformation) that should be
compensated prior to the NB mobility analysis. The global motion of the nucleus can be
ignored if the nucleus is relatively immobile and the time of observation is short, but correct
description of intranuclear motility is impossible without compensation for global mobility of
the nucleus before particle tracking and trajectory analysis. Here, we describe the pipeline for
the NB mobility analysis that allows plotting the trajectories of the NBs within the nucleus
taking into account the global movement of the nucleus (Fig. 1). We describe a 2D contour-
based image registration protocol for compensation of the motion and deformation of the

nucleus in fluorescence microscopy time-lapse sequences [9]. Our pipeline also allows to



classify the observed NB motion into simple diffusion (Brownian diffusion), constrained
diffusion or directed (flow) diffusion [10]. It should be stressed that the described approach

may be adapted for the mobility analysis of other NBs or discrete nuclear compartments.

2 Materials

2.1 Cells

HeLa cell line was originally obtained from the Russian Cell Culture Collection (Institute of
Cytology of the Russian Academy of Sciences, Saint Petersburg, Russia) (see Note 1).

2.2 Cell culture

1. Dulbecco’s modified Eagle’s medium (DMEM) (Paneco).

2. Alanine-glutamine (Paneco).

3. Fetal calf serum (HyClone).

4. Antibiotic-antimycotic mixture (Gibco).

5. Hank’s balanced salt solution (Paneco).

6. GFP-NPM WT plasmid (Addgene plasmid no. 17578, a gift from Dr. X.W. Wang [11]).
7. Lipofectamine 2000 (Invitrogen).

2.3 Cell culture plastic

1. Ventilated T125 flasks (Eppendorf).

2. 35-mm dishes with a coverslip (MatTek).

3. 15 mL centrifuge tubes (Greiner).

2.4 Microscopy

1. Nikon C2 scanning confocal microscope mounted on a motorized inverted microscope
Eclipse Ti-E (Nikon) (see Note 2).

2. Innova CO-170 CO2 incubator (New Brunswick Scientific).

2.5 Image analysis software



1. NIS-Elements Microscope Imaging Software (Nikon) (see Note 2).

2. FIJI (https://fiji.sc/).

3. ICY (http://icy.bioimageanalysis.org/).

4. Matlab (MathWorks) with DIPimage toolbox (http://www.diplib.org).
5. Excel (Microsoft).

6. NB tracking pipeline (https://gitlab.com/dsorokin.msk/mmb-ipnb-tracking).

3 Methods

3.1 Cell culture

HeLa cells were maintained in DMEM supplemented with alanine-glutamine, 10% fetal calf
serum and an antibiotic and antimycotic mixture. Approximately 10° cells were seeded onto
35 mm Petri dishes with the glass bottom. Cells were then transfected with the GFP-NPM
WT plasmid using the Lipofectamine 2000 reagent according to the manufacturer’s
instructions (see Note 3).

3.2 Induction of iPNB formation (see Note 4)

All operations should be carried out at 37°C unless indicated otherwise.

1. Prepare the hypotonic solution (20% Hank’s solution) (see Note 5). Use at least 5 ml of
hypotonic solution pre-warmed to 37°C per one 35 mm Petri dish.

2. Remove growth medium from the Petri dish and briefly wash cells with ~2 ml of the
hypotonic solution.

3. Incubate cells in a second change of the hypotonic solution (~2 ml) for 15 min at 37°C in
the CO,-incubator.

4. Wash cells with the complete growth medium, and then incubate cells in the complete
growth medium for ~20 min at 37°C in the CO,-incubator (see Note 6).

3.3 Live-cell imaging



1. Use an inverted confocal microscope suitable for live experiments, i.e., equipped with a
humidified thermostatic chamber with the CO; level maintenance.

2. Use a high aperture objective, e.g. Nikon Plan Apo VVC 60/1.40 Qil or equivalent.

3. ldentify transfected cell and focus in the center of the nucleus.

4. Capture atime lapse movie. Use the following parameters as a starting point and adjust
them if needed: scale factor - 0.05 um/pixel, FPS - 2 frame/sec, duration - 2 min.

5. Use the F1JI software or the provided microscope software to export the captured movie
into the multipage TIFF format.

3.4 Image analysis

The input image sequences should be in the multipage TIFF format. All further operations are
performed in Matlab except for the iPNB tracking which is performed using freely available
ICY software with the Spot Tracking plugin [12]. The Matlab code including precompiled
libraries can be downloaded at https://gitlab.com/dsorokin.msk/mmb-ipnb-tracking. The
detailed description of the pipeline and the adjustable parameters can be found in the
main_script.m file. The pipeline is shown in Fig.1 and is described in more detail below:

1. Image sequence preprocessing (preprocessSequence.m). At this stage, we equilibrate
image intensities of every frame. As a result, the image intensities of all frames should be
within the same range.

2. Nucleus segmentation (nucleusSegmentation.m). Here we segment the nucleus (identify
the contours) using a threshold-based approach. The threshold type and other parameters can
be adjusted depending on the data.

3. Nuclear body detection (findNuclearBodies.m). At this stage we segment the nuclear
bodies using a combination of threshold-based approach for larger bodies (e.g., nucleoli) and
blob detection-based approach [13] for smaller bodies (e.g., IPNBs) (Fig. 2).

4. Nuclear body tracking using the ICY Spot Tracking plugin:



- Importing the results of the previous step (“*_spots_ICY.txt”) into the ICY software using
Plugins — Spot Detection Import and Export — Import.

- Tracking using the Spot Tracking plugin: choose spots imported in the previous step as
Detection set, Estimate parameters, Run tracking.

- Export the tracking results from Track Manager to “*_tracks.xml” using File — Save As...
5. Conversion of tracks to Matlab format and postprocessing of the tracks by joining adjacent
subtracks (convertTracksToMatlab.m).

6. Nucleus motion compensation and application of the obtained deformation fields to track
coordinates (compensateGlobalMotion.m). At this stage the nucleus motion is estimated
using the non-rigid elasticity-based approach. The obtained motion is applied to the NB
tracks to compensate the motion of the nucleus (see Fig. 3 for comparison between the
original and compensated NB tracks).

7. Computation of track statistics and determination of the motion type and pattern for each

NB (analyzeTracksMotionType.m) (see Note 7 and Fig. 4).

4 Notes

1. Different adherent cultured cells may be used for the analysis if NB mobility. Suspension
cells can be immobilized on polylysine-coated slides or grown in soft agar.

2. Other microscopy systems may be used for image recording. The input image sequences
should be in the multipage TIFF format.

3. The described approach can be applied to different NBs. If the work is carried out with
other NBs, then a plasmid coding for the most abundant proteins of these NBs should be
used.

4. This step is necessary only for iPNBs. It should be omitted when studying other NBs.



5. IPNBs formation may start during hypotonic treatment if 20% Hanks solution is used
(unpublished data). It appears that HeLa cells can adapt to hypotonic conditions, which leads
to iPNB formation before the return to isotonic conditions. We believe that this cannot
substantially influence NB dynamics, but, nevertheless, it is possible to use 10% Hank’s
solution (10 min) instead of 20% solution. In this case, more robust hypotonic conditions do
not allow cells to adapt.

6. The optimal time for the start of iPNB imaging is 25-35 min after the return to isotonic
conditions. At this stage, the number of iPNBs is substantially reduced [7], facilitating the
imaging and analysis of iPNBs tracks. Cells can be incubated directly on the microscope
stage, if the thermostatic chamber allows to control both CO, and temperature. In this case, it
is necessary to work in the darkroom (at least to turn off the light immediately after mounting
of the Petri dish inside the thermostatic chamber). The mobility of other NBs may be
registered immediately after mounting of the Petri dish on the microscope stage. The optimal
duration of live-cell imaging will depend on specific experimental conditions and the type of
NB studied. It is also possible to acquire several cells in one experiment.

7. The mean square displacement (MSD) curve analysis approach described in [10] is used
for classification of NB motion patterns. Briefly, the motion can be classified into three types:
simple diffusion (Brownian diffusion), constrained diffusion and directed diffusion (flow). To
determine the type of motion represented by the trajectory, we found the best fit for the
calculated MSD using the analytical expressions for the different diffusion models [14] with
localization uncertainty described in [15]. Fitting of analytical curves to experimental data
obtained from track analysis can be performed using the Nelder-Mead optimization method
[16]. The analysis pipeline outputs the first frame of microscopy image sequence with the
tracks depicted on it with enclosing ellipses of different colors corresponding to the iPNB

motion types (black, constrained diffusion, green, simple diffusion, cyan, directed diffusion).



It also outputs the statistics of the tracks including track length, iPNB initial position (px),
track enclosing ellipse area (micron?), total traveled distance (micron), average distance per
frame (micron), standard deviation of distance per frame (um), average velocity (um/s),
diffusion coefficient (um®® * 10°°), particle diffusion velocity (um/s * 10°) or confinement
area (um? * 10°®) depending on the type of motion. An example of the output statistics in an

Excel file is shown in Fig. 4.
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Figure legends:

Fig. 1 The pipeline for the NB mobility analysis.

Fig. 2 Representative images of the nucleus segmentation (A), nucleolus detection by a
threshold-based approach (B), iPNB detection by a blob detection-based approach (C),
resulting NB detection (D). Scale bar =5 pm.

Fig. 3 Example of non-rigid compensation for global nucleus motion. The analysis pipeline
outputs the first frame of microscopy image sequence with the tracks depicted on it with
enclosing ellipses of different colors corresponding to the iPNB motion types (black,
constrained diffusion, green, simple diffusion). A, iPNB tracks plotted over the first frame of
the image sequence without compensation for nucleus non-rigid motion; B, the compensating
deformation field plotted over the image (the length of the vectors and spacing between them
were enlarged for better visibility); C, iPNB tracks after compensation for the nucleus
motion; D and E are the enlarged fragments of A (non-compensated motion) and C
(compensated motion), respectively. The dominant direction of iPNBs motion, which is a
result of global nucleus motion, is indicated by an arrow in (D). Scale bar =5 pm in A-C and
1uminD and E.

Fig. 4 Example of track visualization and output statistics in an Excel file as a result of the

NB tracking pipeline (https://gitlab.com/dsorokin.msk/mmb-ipnb-tracking).
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