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ABSTRACT

Cytokinesis is the last step of mitotic cell division that separates the cytoplasm of dividing cells. Small molecule inhibitors
targeting either the elements of the regulatory pathways controlling cytokinesis, or the terminal effectors have been of
interest as potential drug candidates for the treatment of various diseases. Here we present a detailed protocol for a
cell-based cytokinesis assay that can be used for the discovery of novel cytokinesis inhibitors. The assay is performed
in a 96-well plate format in 48 h. Living cells, nuclei and nuclei of dead cells are identified by a single staining step
using three fluorescent dyes, followed by rapid live cell imaging. The primary signal is the nuclei-to-cell ratio (NCR).
In the presence of cytokinesis inhibitors, this ratio increases over time, as the ratio of multinucleated cells increases
in the population. The ratio of dead nuclei to total nuclei provides a simultaneous measure of cytotoxicity. A screening
window coefficient (Z°) of 0.65 indicates that the assay is suitable for screening purposes, as the positive and negative
controls are well-separated. EC,; values can be reliably determined in a single 96-well plate by using only six different
compound concentrations, enabling the testing of 4 compounds per plate. An excellent test-retest reliability (R?>= 0.998)
was found for EC, values covering a ~1500-fold range of potencies. Established small molecule inhibitors of cytokinesis
operating via direct action on actin dynamics or nonmuscle myosin Il are used to demonstrate the robustness, simplicity

and flexibility of the assay.

Keywords: drug discovery, actin cytoskeleton, screening, multinucleated, cytotoxicity

BACKGROUND

In all eukaryotic cells, mitosis is the complex cytological process
that separates the already duplicated chromosomes in space into two
identical sets, ultimately leading to the formation of two fully functional
nuclei in distant parts of the cell [ 1]. Mitosis is followed by cytokinesis,
a process that separates the cytoplasm of dividing cells resulting in the
formation of two daughter cells [2,3]. In animals, a contractile ring of
filamentous actin and nonmuscle myosin II (NMII) assembles in the
equatorial plane of the dividing cells (between the segregated sister
chromatids) that splits the cytoplasm during cytokinesis by forming
the so-called cleavage furrow. The process is tightly regulated both in
space and time [2-5].

Cytokinesis inhibitors targeting actin, NMII or other regulatory and
structural elements necessary for the proper functioning of the cleavage

furrow have not only provided useful information about the function
of these elements, but are increasingly recognized as potential drug
candidates [6]. For example, NMII has been reported as a potential
therapeutic target for the prevention of relapse to methamphetamine use
[7,8]. Targeting NMII by using the small molecule inhibitor blebbistatin
resulted in the selective disruption of methamphetamine-associated
memories in animal model systems [7,8]. Blebbistatin also showed
antitumorigenic properties in human hepatocellular carcinoma cells by
reducing the NMII-mediated intracellular trafficking of the RNA-binding
protein HuR, thereby reducing pathologic posttranscriptional gene ex-
pression [9]. Targeting the serine/threonine kinase Aurora B with small
molecule inhibitors has been shown to block cytokinesis and induce a
multinucleated phenotype in cell cultures [10,11]. The overexpression
of Aurora B correlates with poor prognosis in several human cancer
types [12]. Inhibition of Aurora B activity has been found to inhibit
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proliferation and induce tumor regression in animal model systems.
Several small molecule inhibitors of Aurora B are currently under phase
I/I1 evaluation or preclinical testing [12].

Here we present a cell-based assay that is amenable to the discovery
of novel cytokinesis inhibitors. The assay is run in 96-well plates with a
total incubation time of 48 h. We demonstrate the robustness, flexibility
and reliability of the assay by using small molecule inhibitors of NMII
(blebbistatin, para-aminoblebbistatin and para-nitroblebbistatin) and
modulators of actin dynamics with different mechanisms of action
(jasplakinolide, cytochalasin D and swinholide A). Blebbistatin blocks
cellular blebbing and disrupts directed cell migration [13]. It also blocks
cytokinesis by inhibiting the contraction of the cleavage furrow [13].
Para-nitroblebbistatin and para-aminoblebbistatin are photostable
derivatives of blebbistatin with reduced cytotoxicity [14,15]. Para-am-
inoblebbistatin also shows substantially improved water solubility
[15]. Jasplakinolide is a stabilizer of pre-formed actin filaments and an
inducer of actin polymerization in vitro [16,17]. By facilitating filament
nucleation and lowering the critical actin concentration, jasplakinolide
treatment results in the formation of amorphous actin masses in cultured
cells [17]. Cytochalasin D inhibits actin polymerization in vitro by
binding to the net polymerizing ends of actin filaments and blocking
the addition of new monomers to these sites [18,19]. It also binds actin
monomers, inducing the formation of dimers and thereby increasing
the rate, but decreasing the extent of polymerization [20,21]. In cells,
cytochalasin D treatment leads to the disruption of the cytoskeletal
actin filament network and the aggregation of actin filaments [22,23].
The third modulator of actin polymerization used here, Swinholide A,
is a highly potent toxin that rapidly severs actin filaments in vitro [24],
and disrupts the actin cytoskeleton of living cells in vivo [24,25]. All of
these compounds were used to test our assay, as it is well-established
that they induce the accumulation of binucleated cells in culture [13-
15,24,26,27].

MATERIALS

Reagents, media and solutions

v Cultured cells (COS-7 are used here as example. However,
any cell that undergoes cytokinesis in culture is expected to be
amenable to this protocol. COS-7 Cat. # CRL-1651, American
Type Culture Collection, Manassas, VA)

v" Dulbecco’s Modified Eagle Medium (Cat. # 11995073, Life
Technologies, Carlsbad, CA)

v' Fetal Bovine Serum (Cat. # 26140079, Life Technologies,
Carlsbad, CA)

v' Antibiotic-Antimycotic solution (Cat. # 15240062, Life Tech-

nologies Carlsbad, CA)

v' 75 cm? flasks (Cat. # 430641U, Corning, Corning, NY)

v" Dulbecco’s phosphate-buffered saline (PBS, Cat. # 14190250,
Life Technologies, Carlsbad, CA)

v' Trypsin-EDTA (0.25%) solution (Cat. # 25200072, Life Tech-
nologies, Carlsbad, CA)

V' 96-well cell culture plates (Cat. # 25109, Genesee Scientific,
El Cajon, CA)

v Jasplakinolide (Cat. # 2792/100U, R&D Systems (Minne-

apolis, MN)

v' Cytochalasin D (Cat. # 113305, Cayman Chemical, Ann Ar-
bor, MI)

v" Swinholide A (Cat. # 501146229, Fisher Scientific, Hanover
Park, IL)

v Blebbistatin (Cat. # 13013, Cayman Chemical, Ann Arbor, MI)

v' para-aminoblebbistatin (Cat. # 22699, Cayman Chemical,
Ann Arbor, MI)

v’ para-nitroblebbistatin (Cat. # 24171, Cayman Chemical,
Ann Arbor, MI)

v' Dimethyl sulfoxide (DMSO, Cat. # D2650, Sigma-Aldrich,
St. Louis, MO)

v’ Solvent resistant polypropylene microplates (Cat. # 3357,
Corning, Corning, NY)

v' Fluorescein diacetate (FDA, Cat. # F7378, Sigma-Aldrich,
St. Louis, MO)

v' Hoechst33342 (Cat. # H3570, Life Technologies, Carlsbad,

CA)
v' Propidium iodide (P, Cat. # P3566, Life Technologies, Carls-
bad, CA)
Recipes

v Culture medium: 89% Dulbecco’s Modified Eagle Medium,
10% Fetal Bovine Serum, and 1% Antibiotic-Antimycotic

solution.
Equipment
v' Refrigerated centrifuge (Cat. # 5430 R, Eppendorf, Haup-
pauge, NY)

v' Microplate shaker (Cat. # 12620-926, VWR, West Chester, PA)

v Fluorescence microscope (e.g., IN Cell Analyzer 6000 automat-
ed fluorescence microscope, Cat. # 29043323, GE Healthcare
BioSciences, Marlborough, MA)

v Image analysis software (e.g., IN Cell Developer Toolbox
software, Cat. # 25809826, GE Healthcare Bio-Sciences,
Marlborough, MA)

PROCEDURE

Culturing cells

A simplified protocol flowchart is shown in Figure 1.

1. Thaw frozen aliquots of cell line of interest and immediately dilute ten-fold in culture medium.

2. Centrifuge the cell suspension at 7197 x g at 20°C for 10 min in a refrigerated centrifuge.

3. Discard the supernatant and resuspend the pellet in culture medium at a final density of ~50000 cells/ml.

=

J Biol Methods | 2020 | Vol. 7(3) | €136

POL SCIENTIFIC



PROTOCOL

10.
11.
12.

Plate cells onto 75 cm? flasks at a density of 500000 cells/flask.

Following 3 d of incubation (37°C and 5% CO,), remove old media from the flasks and wash the cell layers
twice with 5 ml of PBS.

Add 2 ml of Trypsin-EDTA (0.25%) solution to each flask to dissociate cells.
Incubate flasks at 37°C for 10 min to allow detachment of cells from the surface.

Cell dissociation can be further facilitated by pipetting the suspension up and down several times until no
cell aggregates are observed by visual inspection under a stereomicroscope.

To inhibit trypsin, combine 8 ml of fresh culture medium with 2 ml of cell suspension.
Determine cell density by counting the cells in a hemocytometer.
Dilute the suspension to a density of 20000 cells/ml.

Immediately plate cells onto flat bottom, 96-well cell culture plates by transferring 100 ul of suspension to
each well using a multichannel pipette, resulting in a final surface density of 2000 cells/well.

\
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Figure 1. Protocol flowchart.

Treating cells

13.

14.

15.
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Following 24 h of incubation (37°C, 5% CO,), treat cells with compounds of interest prepared in compound
plates.

Here, jasplakinolide, cytochalasin D, swinholide A, blebbistatin, para-aminoblebbistatin or para-nitrobleb-
bistatin were first dissolved in DMSO.

Six-step serial 1:2 dilutions of compound solutions were then prepared in DMSO using solvent resistant
polypropylene microplates. Concentration ranges (125-3.91 nM, 500-15.63 nM, 10-0.31 nM, 10-0.31 uM,
10-0.31 pM, and 10-0.31 uM for jasplakinolide, cytochalasin D, swinholide A, blebbistatin, para-amino-
blebbistatin and para-nitroblebbistatin, respectively) were determined based on preliminary results. A 2 mM
solution of para-aminoblebbistatin in DMSO was also prepared and used as positive control, while pure
DMSO was used as a negative control.
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16. Prepare compound plates by transferring 2.4 pl of positive and negative controls and compound solutions
into each well of a 96-well plate containing 117.6 ul of culture media (50-fold dilution) using a multichannel
pipette. Wells in the first and last rows should be used exclusively for negative and positive controls.

17. Mix solutions by shaking the compound plate for 1 min at room temperature at 1200 rpm using a microplate
shaker. A typical plate layout map used for screening experiments is shown in Figure S1. Carry out all
measurements in triplicate.

18. Transfer 100 pl of diluted compound solutions from the compound plate to the assay plate (containing cell
cultures in 100 pl of culture media) using a multichannel pipette (2-fold dilution).

TIP: The DMSO concentration in the compound and assay plate is 2% and 1%, respectively. The final concentration
of the positive control para-aminoblebbistatin is 20 uM, resulting in ~100% signal. (see Fig. 2 and 3 and Anticipated
results and troubleshooting section for more details.) All steps using blebbistatin or derivatives are performed under
limited light conditions to minimize photochemical inactivation of compounds or potential phototoxic effects [28].

para-Aminoblebbistatin Negative control

(20 pM, 1% DMSO) (1% DMSO)
Hoechst33342 (Nuclei) Hoechst33342 (Nuclei)

~

Propidium lodide (Dead Nuclei) Propidium lodide (Dead Nuclei)

~

verlay Overlay

Figure 2. Representative images of para-aminoblebbistatin treated and control cells. Cells were incubated for 24 h in the presence of 20 uM pa-
ra-aminoblebbistatin (left) or 1% DMSO as a negative control (right). Nuclei, living cells and nuclei of dead cells were visualized by Hoechst33342, FDA
and Pl staining, respectively. Overlaid images are shown to guide the eyes (lower panels, nuclei—blue, living cells—green, dead nuclei—red). Most of the
para-aminoblebbistatin treated cells are bi- or multinucleated and much bigger than negative control cells, which are primarily mononucleated. Examples
of a mono- (white arrows) and a binucleated cell (orange arrows) are highlighted in each image. Note that there is no living cell body revealed around
the nuclei showing Pl staining (yellow circles). However, these nuclei are positive for both Hoechst33342 and PI, confirming their identity. Images were
not manipulated other than changing the brightness and contrast for visibility. No changes were made to images prior to analysis.

Staining cells

The presence of cytokinesis inhibitors in cell culture leads to the accumulation of multinucleated cells. For exam-
ple, treating COS-7 cells with 20 uM para-aminoblebbistatin for 24 h results in a cell population where most cells are
binucleated (Fig. 2). FDA, a membrane-permeant non-fluorescent cell viability dye that is hydrolyzed to fluorescein in
living cells [29] by naturally present esterase enzymes [30] can be used to visualize the cytoplasm. The resulting prod-

Rg

4 o J Biol Methods | 2020 | Vol. 7(3) | €136
POL SCIENTIFIC



PROTOCOL

uct, fluorescein, accumulates in the cytoplasm, giving a bright green fluorescence signal [29]. The result is an excellent
signal-to-noise ratio. Nuclei can be visualized by Hoechst33342, a cell-permeable DNA stain [31]. The excitation and
emission peaks of Hoechst33342 (ex: 350 nm, em: 461 nm, DNA-bound) and fluorescein (ex: 490 nm, em: 526 nm) are
well-separated from each other. Therefore, these dyes can be used in parallel in imaging applications. However, as the
areas highlighted in Figure 2 demonstrate, not all nuclei revealed by Hoechst33342 staining overlap with living cells. A
second DNA dye, propidium iodide (PI) [32], which is membrane-impermeant [33] can be used to confirm the identity
of these objects. This dye is widely used to stain nuclei of dead cells in a cell population [34]. The spectral properties
of PI (ex: 535 nm, em: 617 nm, DNA-bound) enable its use in parallel with the other two dyes, to identify compounds’
potential cytotoxicity.

A
para-Nitroblebbistatin, 30 pM Blebbistatin, 30 pM
Hoechst33342 (Nuclei) Hoechst33342 (Nuclei)

Propidium lodide (Dead Nuclei) Propidium lodide (Dead Nuclei)
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Figure 3. Image analysis and control selection. A. Potential artifacts may result from compound precipitation and object misidentification during image
analysis. COS-7 cells were treated with para-nitroblebbistatin and blebbistatin at 30 uM. Left and right panels show raw images and detected objects
(nuclei—yellow, living cell—red, dead nuclei—cyan), respectively, for both compounds. Crystals of para-nitroblebbistatin (yellow circles) showed green
and red fluorescence, while blebbistatin crystals (cyan circles) showed blue fluorescence. Accordingly, the para-nitroblebbistatin crystal cluster shown
was initially misidentified as a living cell and also as a dead nucleus, while the blebbistatin crystal was misidentified as an elongated nucleus. Based
on cell shape and size, parts of the cytoplasm can also be misidentified as separate cells (orange circles). However, since those “cells” not overlapping
with nuclei, those “nuclei” not overlapping with cells or those “dead nuclei” not showing labeling for both Hoechst33342 and Pl are excluded from our
calculations, these artifacts usually have only limited effect on our signals. B. Para-aminoblebbistatin was selected as a positive control due to its high
solubility, photostability and low cytotoxicity [15]. By fitting the dose response data to the Hill equation, an EC,; of 5.3 uM with a very steep transition
(Hill constant = 7.7) was determined. The signal approaches its maximum value around and above ~10 yM compound concentration, therefore, 20 uM
para-aminoblebbistatin was chosen as a reliable positive control in this work. (The red horizontal line represents the cytotoxicity threshold of 0.015. See
text for further explanation.) C. A Z'[35] of 0.65 was determined for a half plate of negative (1% DMSQ) and half plate of positive controls (1% DMSO,
20 uM para-aminoblebbistatin), indicating a reliable assay for screening with well-separated positive and negative controls.
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Imaging

Data analysis

19.

20.

21.

22.
23.

Following 24 h of incubation in the presence of compounds (37°C, 5% CO,), stain cells with FDA, Hoechst33342
and PI in a single step.

Prepare staining solution by combining 9 pl FDA (24 mM stock solution in DMSO), 22.2 ul Hoechst33342
(16.2 mM stock solution in water), 96 pl PI (1.5 mM stock solution in water) and 11.873 ml culture medium
in a 50 ml centrifuge tube for each plate.

Use a multichannel pipette to add 100 pl of staining solution to each well of the assay plate containing 200 ul
of treated cell culture, resulting in a final concentration of 6 uM, 10 uM, and 4 uM for FDA, Hoechst33342
and PI, respectively.

Incubate assay plates for 10 min (37°C, 5% CO.,).

Replace the staining solution with fresh culture medium in each well (100 pl/well).

TIP: Due to the photosensitivity of some of the compounds used and to limit photochemical degradation of the
fluorescent dyes, the incubation steps were performed in darkness and all other steps were performed under limited
light conditions.

A fluorescence microscope is needed for imaging. Here, an IN Cell Analyzer 6000 automated fluorescence micro-
scope and accompanying software was used. Image acquisition was performed using the Nikon 10x/0.45, Plan Apo,
CF1/60 objective.

24.

25.

26.

27.

Lasers operating at 405 nm, 488 nm, and 561 nm in conjunction with 455 nm, 525 nm and 605 nm emission
filters are used for the visualization of Hoechst33342, fluorescein and PI signals, respectively.

TIPS: Cultures do not need to be incubated during imaging because both cells and nuclei remain detectable with-
out a change in morphology or number for hours at room temperature. Count cells while imaging to ensure that at
least 600 cells per well are imaged. Lower cell counts may yield unreliable results. (See Discussion section for a
detailed statistical explanation.)

Identify and quantify nuclei of living and dead cells by using the corresponding fluorescent signal of
Hoechst33342. Cell bodies of living cells are identified by using the corresponding fluorescent signal of
fluorescein. Nuclei of dead cells are identified by using the corresponding fluorescent signal of PI.

If using the IN Cell Developer Toolbox software, nuclear segmentation (Hoechst33342) can be performed
using the following parameters: minimum target area: 85 um?, sensitivity: 50, sensitivity range 1.30, pre-
cise mask: enabled. Steps of postprocessing: watershed clump breaking, erosion (kernel size 9), sieve (keep
targets with an area greater than 20 um?), border object removal. Cytoplasm segmentation (fluorescein) can
be performed using the following parameters: noise suppression: heavy, remove shading artifacts with area
greater than: 2960 um?, use octagonal morphology: enabled. Steps of postprocessing: sieve (keep targets with
an area greater than 200 um?), erosion (kernel size 3), watershed clump breaking, fill holes, dilation (kernel
size 3), sieve (keep targets with an area greater than 200 pm?), border object removal. Nuclear segmenta-
tion (PI) can be performed using the following parameters: minimum target area 52 pm?, sensitivity: 20,
sensitivity range 1.30, precise mask-enabled, use octagonal morphology: enabled. Steps of postprocessing:
watershed clump breaking, erosion (kernel size 5), sieve (keep targets with an area greater than 20 pm?),
border object removal.

TIP: This analysis is possible with any software tool capable of segmenting and counting cells and nuclei. The
specific segmentation and analysis protocol file used for the IN Cell Developer Toolbox is available to researchers
upon request.

A cytokinesis inhibitor allows nuclei to divide, but blocks the separation of cell bodies, resulting in the for-
mation of bi- and multinucleated cells. The inhibitory effect of compounds can be estimated and compared
by calculating the ratio of nuclei to cell numbers in the living cell population. Each living cell must contain
at least one nucleus and each nucleus must belong to a living cell in this population. Therefore, fluorescein-
positive objects not overlapping with Hoechst33342-positive objects (potentially misidentified cells) and
Hoechst33342-positive objects not overlapping with fluorescein-positive (dead and potentially misidentified
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nuclei) should be excluded from the calculation of the nuclei-to-cell ratio (NCR). This step was crucial to
avoid several artifacts (see Anticipated results and troubleshooting and Discussion).

28.

In addition to cytokinesis inhibition, compounds may show cytotoxic effects, which can affect the primary

signal (e.g., through nuclear fragmentation or selective death of multinucleated cells). Therefore, cytotoxicity
should also be quantified as the ratio of dead nuclei to total nuclei. Dead nuclei must show positive staining
for both Hoechst33342 and PI. Therefore, all those objects not showing double labeling should be excluded
from this calculation. Similarly, the total number of nuclei are calculated as the sum of Hoechst33342-positive
objects overlapping with fluorescein-positive objects (living nuclei) and the Hoechst33342-positive objects
overlapping with PI-positive objects (dead nuclei).

29. Plot the NCR against the compound concentration. To determine the half maximal effective concentration
(EC,), fit the 6 point dose response data to the Hill equation:

Eqn.1, NCR=NCR,, +(NCR

1

Hill
1+ Cinh
EC,,

—NCR,, )| 1-

max

where ¢, , is the concentration of the compound, NCR . is the NCR in the absence of inhibitors, NCR__ is the
extrapolated value of the NCR at 100% inhibition, and Hill is the Hill-constant.

TIP: The NCR is always expected to be greater than 1 in all actively dividing cell cultures, including controls,
because there is always a subpopulation of dividing cells that will contain two nuclei.

Anticipated results and troubleshooting

To quantify the inhibitory effect of the actin and myosin compounds,
we quantified Hoechst33342, fluorescein, and PI-positive objects, rep-
resenting nuclei, living cells, and dead nuclei, respectively. Then, we
calculated the NCR for each sample (cells from the same well) by di-
viding the number of nuclei that overlap with living cells (living nucle)
with the number of those living cells overlapping with nuclei. (Every
cell must contain at least one nucleus and every nucleus belongs to a
cell.) Cytotoxicity was also quantified as the ratio of dead nuclei to all
nuclei. Here, only the double-labeled (Hoechst33342 and PI-positive)
nuclei were counted as dead nuclei. The total number of nuclei was
calculated as the sum of the double-labeled dead nuclei and the above
defined living nuclei. With this strategy, several artifacts resulting from
object misidentification could be efficiently avoided.

One main source of artifacts is the limited solubility of the compounds
in culture media. Solubility in culture media is often not known for
novel compounds and aqueous solubility; if known, may not reflect a
compound’s solubility in culture media at 37°C. Applying compounds at
concentrations higher than their solubility limit may result in compound
precipitation. This is notable because precipitates may show fluorescence
in one or more channel and may be similar in shape and size to cells or
nuclei. As a result, compound precipitates are prone to misidentification
as target objects (cells or nuclei). To demonstrate the effect of compound
precipitation, we treated COS-7 cells with para-nitroblebbistatin and
blebbistatin at 30 pM. The kinetic aqueous solubility of blebbistatin
and para-nitroblebbistatin has been reported to be 9.3 uM and 3.6 UM,
respectively [15]. Since 30 pM was much higher than the solubility in
both cases, the compounds precipitated as expected, and fluorescent
crystals attached to the surface were detected (Fig. 3A). Crystals of
para-nitroblebbistatin showed bright green fluorescence and a detect-
able signal in the red channel. Blebbistatin crystals showed bright blue
fluorescence. Accordingly, para-nitroblebbistatin crystals were prone

J Biol Methods | 2020 | Vol. 7(3) | €136

to be misidentified as living cells and also as dead nuclei. Blebbistatin
crystals were prone to be misidentified as nuclei. However, our method
of using double fluorescent labeling for every object of interest (living
cells must overlap with nuclei; nuclei must overlap with either living
cells or dead nuclei; dead nuclei must overlap with nuclei) resulted in
our analysis being resistant to these artifacts. This strategy also helped
to avoid misidentification of any parts of the cytoplasm as a separate
cell (Fig. 3A) or misidentification of potential fluorescent contamination
present in the field of view.

Even for cell populations where no precipitation-related artifacts were
present, the number of misidentified objects was effectively reduced by
applying the rules detailed above. For example, ~90000 and ~110000
Hoechst33342-positive objects, ~68000 and ~62000 fluorescein-positive
objects, and ~1000 and ~1300 PI-positive objects were identified for 96
wells of negative (1% DMSO) and positive controls (1% DMSO, 20
UM para-aminoblebbistatin; see below) across 8 plates, respectively.
To calculate NCR, only ~94% and ~93% of Hoechst33342-positive
objects (“nuclei”, overlapping with fluorescein-positive objects) and
97% and 88% of fluorescein-positive objects (“living cells”, overlap-
ping with Hoechst33342-positive objects) were used, respectively.
To calculate cytotoxicity, only ~60% and 57% of PI-positive objects
(“dead nuclei”, PI and Hoechst33342 double-positive), and ~95% and
~94% of Hoechst33342-positive objects (“total number of nuclei”,
Hoechst33342-positive objects overlapping either with fluorescein- or
Pl-positive objects) were used, respectively. The rejected objects were
either misidentified fluorescent objects, or correctly identified parts of
cell bodies or nuclei along the edges of the image where the overlapping
nuclei or cell bodies had been rejected during image analysis. (It is not
possible to accurately quantify the number of nuclei if the whole cell
is not visible.)

Precipitation may not only lead to fluorescent artifacts, but also limit
the effective concentration of the compound, resulting in limited signal
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in single-point or dose-response experiments. Moreover, precipitates
are usually not tolerated well by living cells. Elevated cytotoxicity
may be a good indicator of this problem. The intrinsic toxicity of the
compound might also result in higher levels of observed cytotoxicity.
Significant levels of cytotoxicity can only be determined empirically.
Negative and positive controls across 8 plates (96 wells each) showed
an average cytotoxicity of 0.007 + 0.009 and 0.007 + 0.005, respec-
tively. More than 90% of the data points were under the level of 0.015
in both categories. Therefore, a cytotoxicity signal equal to or greater
than ~0.015, corresponding to ~1.5% dead nuclei in the population, was
considered significant. Around and above this threshold, deterioration
of the NCR signal was usually observed, further supporting the idea
that our threshold was set to the appropriate level. In addition to the
limited effective concentration due to solubility issues, selective loss of
multinucleated cells, cell clustering, cell detachment from the surface,
abnormal morphology or nuclear fragmentation may cause deviation of
the NCR signal from the expected value. Analyzing any signal where
the associated cytotoxicity is too high should be generally avoided.
Para-aminoblebbistatin is known as a non-cytotoxic derivative of the
myosin inhibitor blebbistatin, showing greatly improved photostability and
solubility [15]. These properties make it an excellent positive control in
the cytokinesis assay. The potency (EC, ) of para-aminoblebbistatin was
determined in dose-response experiments (Fig. 3B). An EC, of 5.3 uM
was found by fitting the NCR signal to the Hill equation (Eqn. 1). Pre-
viously, para-aminoblebbistatin was shown to inhibit the proliferation
of HeLa cells with a similar EC, value (~18 pM) [15]. Interestingly, the
dose-response curve determined here showed a very steep transition (Hill
constant = 7.7), such that the signal approached 100% around 10 pM
compound concentration. To ensure that the inhibition level is always
around 100%, we chose 20 1M as the positive control concentration for
para-aminoblebbistatin. Consistent with the literature [15], no significant
cytotoxicity was observed up to 200 uM concentration. The Z° (also
known as the screening window coefficient) is a widely used statistical
parameter that helps to assess the reliability of screening data [35]. We
determined the Z" for a half plate of negative (1% DMSO) and a half
plate of positive (1% DMSO, 20 uM para-aminoblebbistatin) controls:

Eqn.2, Z :I—M

1, - 1,

where g, o, and u , M, are the sample standard deviations and means
of the negative and positive controls, respectively (Fig. 3C). We found
a Z > 0.5 (Z'= 0.65), which indicates that the assay is excellent for
screening purposes [35].

Next, we treated COS-7 cells with dilution series of blebbistatin, pa-
ra-aminoblebbistatin, para-nitroblebbistatin, jasplakinolide, cytochalasin D
or swinholide A. Although these compounds have different molecular targets
and mechanisms of action, they all inhibit cytokinesis [13-15,24,26,27].
Accordingly, cells developed similar, bi- and multinucleated phenotypes
in response to all compounds (Fig. 4, Fig. S2 and S3). Although slightly
different cellular morphology was observed, our robust strategy (simply
counting cells and nuclei instead of attempting to classify individual cells
based on their phenotype) was effective in the quantitation of the inhibitory
activity in all cases.

Dose-response curves with very steep transitions (Hill constants

=

between 5.2 and 7.7) were observed (Fig. 5). By using only six-step
serial 1:2 dilutions and performing every experiment in triplicate, it was
possible to obtain reliable EC_ data for four compounds on a single
96-well plate (For EC,, values, see Fig. 5 and the upper right panel in
Fig. 6. See Fig. S1 for plate layout). Repeated experiments with fresh
cell cultures yielded similar EC, values (Fig. 6). To quantitate the
reliability of the assay, linear regression analysis was performed using
the data from both runs. A coefficient of determination of 0.998 showed
excellent test-retest reliability (Fig. 6).

Note that the “dense sampling” of the dose response curves (1:2
dilutions), together with the observed steep transitions constrain the
possible values of the EC, in a less than two-fold range, even if other
parameters are not well-constrained. For example, fixing the Hill constant
at any value from ~5 to arbitrarily high numbers usually yields fits with
similar goodness, while only slightly affecting the determined EC,. In
other words, the Hill constant estimates reported here represent only
a lower limit for the Hill constants. To improve the accuracy of Hill
constant estimation, one would need more data points in the transition
zone of the dose response curve, at the cost of fewer compounds being
tested in parallel on the same plate. However, this is unnecessary for
screening applications because the actual value of the Hill constant
above the lower limit observed here (Hill > 5) has only a slight effect
on the signal in close proximity of the EC,.

It may also be necessary to fix the NCR __ to get reasonable fits.
Such situations are shown in Figure 5D and 5F, where the cytotoxicity
of jasplakinolide and swinholide A, respectively, resulted in signal
deterioration and limited the useful data available for fitting. (Note
that signal deterioration is obvious where the cytotoxicity is higher
than the above defined 0.015 threshold). Therefore, the NCR __ was
made equal to the average NCR of the positive control and kept fixed
during the fitting process. This strategy assumes that the cell division
proceeds at similar rates in all these experiments. The similar NCR ratios
observed for blebbistatin derivatives and cytochalasin D indicate this is
a valid assumption, but may not be the case universally. Even if there
is a possibility that cell division rates differ, the dense sampling of the
dose response curves makes it very unlikely such a difference would
introduce more than two-fold uncertainty around the EC,, values. All
other compounds showed no significant cytotoxicity up to the highest
concentration tested (10 uM for blebbistatin derivatives and 500 nM
for cytochalasin D). Therefore, the EC,, could be easily determined
(Fig. 5A, 5B, 5C and SE).

DISCUSSION

There are several critical steps in the protocol. First, an optimal cell
density must be established. Low cell density can result in slow cell
growth, unnecessarily long incubation times and total cell numbers
that are too low to estimate the signal accurately (see statistical con-
siderations below). Cell density that is too high, on the other hand, will
result in extensive overlap of cells. This will interfere with the ability
of automated algorithms to correctly identify individual cells and will
typically produce an apparent increase of the NCR, as multiple cells
are recognized as one cell while individual nuclei are better resolved.
Therefore, optimal cell density must be determined in separate exper-
iments for every particular cell line used. For COS-7 cells, we tested a
range of 1-6000 cells and found that a surface density of 2000 cells/well
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on 96-well plates produced optimal conditions.

para-Aminoblebbistatin (5 pM)
Hoechst33342 (Nuclei)

Cytochalasin D (125 nM)
Hoechst33342 (Nuclei)

Overlay

Overlay

Figure 4. Cells treated with the NMII inhibitor para-aminoblebbistatin (left) or the actin polymerization inhibitor cytochalasin D (right) devel-

op multinucleated phenotype. Compounds were applied at the concentrations shown in parentheses and the cells were photographed after 24 h of

incubation. Images of nuclei (upper panels) and living cells (middle panels) were chosen to include both mono- (white arrows) and binucleated (orange

arrows) cells. Occasionally, cells with more than two nuclei were observed (blue arrows). Overlaid images are shown to guide the eyes (lower panels,

cytoplasm—green, nuclei—blue). Images were not manipulated other than changing the brightness and contrast for better visibility. No changes were

made to the images prior to analysis. Pl-positive (dead) nuclei were not observed in these fields of view.

Second, it is highly recommended that compound solutions be
diluted in media before adding them to the cell cultures. The density
of DMSO is higher than the density of culture medium. Therefore, if
DMSO-based solutions are applied directly to cell cultures, DMSO and
compound gradients could form within the wells, leading to subsequent
compound precipitation, higher cytotoxicity, and/or higher compound
concentrations directly above the cell layers. All of these artifacts can
be avoided by diluting the compound in media before application. This
allows the solutions to be mixed thoroughly by shaking the plate, until
a homogenous mixture forms that is relatively dilute for DMSO (2%
here, before further 50:50 dilution upon addition to the culture, reaching
a final concentration of 1%). This can then be safely applied to cell
cultures, as the relatively large, equal volumes (e.g., 100 pul old media
+ 100 pl compound diluted in media) mix well simply via pipetting.
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The highest tolerated final concentration of DMSO may vary by cell
line, but it is typical to go no higher than 1%.

Third, the optimal concentration of FDA, Hoechst33342 and PI,
together with the staining time, should be confirmed for each cell line
to be used. For instance, because FDA itself is non-fluorescent and the
action of esterase enzymes present only in living cells is necessary to
hydrolyze it to fluorescein [29,30], staining times that are too short
may produce a signal that is not bright enough to clearly identify cells.
However, if the incubation time is too long or the FDA solution is not
replaced by fresh medium, cells will accumulate too much fluorescein
and produce fluorescence that is too bright to easily resolve individual
cells. Hoechst33342 and PI parameters can then be modified, if neces-
sary, to fit within the optimal staining time for FDA.
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Figure 5. Determination of compound potency and cytotoxicity. Representative dose-response curves showing raw data for blebbistatin (A), para-am-
inoblebbistatin (B), para-nitroblebbistatin (C), jasplakinolide (D), cytochalasin D (E) and swinholide A (F). Only cells overlapping with nuclei and nuclei
overlapping with cells were counted to calculate the primary signal (NCR). Cytotoxicity is calculated as the ratio of dead nuclei to total nuclei. (Here, “total
nuclei” is the sum of Hoechst33342 and Pl double-positive nuclei and Hoechst33342-positive nuclei overlapping with living cells.) The primary signal was
analyzed by fitting the experimental data to the Hill equation. Data points where the associated cytotoxicity signal was above the empirical threshold of
0.015 (red horizontal line, representing a dead nuclei ratio of 1.5%) were disregarded during the fitting process. This threshold usually represents levels of
cell death that affect the primary signal (see 10 and 5 nM swinholide A, or 125 and 62.5 nM jasplakinolide as examples). In these cases, it was necessary
to assume that the NCR__ parameter is equal to the signal of positive control and keep it fixed during the fitting process. In some cases, it might also be

'max

necessary to fix the Hill constant to get a reasonable fit. Due to the steep transition of the transition curves, the Hill constant is not well-constrained by

the data. Therefore, only a lower limit (~5) can be estimated and reported (the best-fit values are shown in parentheses).

Fourth, the number of cells imaged must be high enough for each
well to avoid seriously under- or overestimated signal values, which
may occur solely due to the random nature of cell sampling. We have
modelled the effect of sample size (number of cells/well) on the ac-
curacy of the estimated signal by assuming that there are mono- and
binucleated cells only in the cell population, which is a near-realistic
assumption even after 24 h of para-aminoblebbistatin treatment (posi-
tive control). We further assumed that the ratio of mononucleated cells
(in other words the probability of finding a mononucleated cell with
random sampling) is P = 0.85 and P = 0.3 for negative and positive
controls, respectively. This yields an expected NCR of 1.15 and 1.7,
respectively. (These ratios were determined in preliminary experiments
with manual cell counting.) There are exactly n + 1 different possible

10 ol

values of the NCR for sample sizes n > 2 (except for the extreme sit-
uations where all cells are mono- or binucleated). For example, if the
sample size was only two cells, there would be only 3 (=2 + 1) different
possible estimated values: 1, 1.5, and 2, for situations where 2, 1 and
0 cells are mononucleated, respectively. Note that this is always true,
regardless of the true value of the NCR (e.g., 1.15 and 1.7 above). The
probability (f) of finding any possible value can be calculated based on
the binomial distribution:

. n! X (n—k)
Bqn.3, / (ko p) == (12 p)
where n is the sample size, & is the number of mononucleated cells,
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and p is the probability of finding a mononucleated cell. Calculating
for every possible value yields the probability mass function of the
particular distribution. Probability mass functions calculated for sev-
eral sample sizes are shown in Fig. 7A. To improve assay quality (to
have a Z’>(.5), it is crucial to obtain “good” estimates of the NCR for
every single well. These must be close enough to the true value (e.g.,
it must fall into the range of true value + 5%). Because the nature of
sampling is probabilistic, the sample size needs to be high enough to
achieve this goal. The probabilities of having “good” estimates can be
calculated as the sum of the probabilities of all the possible values of

the NCR falling into the above defined range (Fig. 7B). To ensure that
there is less than one well on average for each 96-well plate that might
be affected by random sampling issues, this probability must be above
99%, which can be achieved by sample sizes > 300/well. In this work,
imaging was continued until at least 600 cells were detected in each
well to ensure that final cell numbers are beyond the 300 cells/well
threshold. Unfortunately, this threshold of total cell samples represents
a limiting factor for further miniaturization of the assay (e.g., 384- or
1536-well plate format).

5 ECs,
10 Compound Assay 1 Assay 2
para-Aminoblebbistatin] Blebbistatin 1.8uM 23 uM
para-Nitroblebbistatin, A tati 3 55
Blebbistatin | P21 Afnmoblcl;fblstajltm 43uM 5.5uM
6 para-Nitroblebbistatin 29uM 3.1 uM
—_ 10 Jasplakinolide 30nM  27nM
= Cytochalasin D 83nM 110 nM
-
2 Swinholide A 29nM  29nM
< .
= 10'7 Cytochalasin D Fitting Statistics
(o] Equation y =a-+Db*x
)

s Jasplakinolide Intercept 0.25274 + 0.14985
::’ Slope 1.0301 + 0.02225
1 0'8 Residual Sum of Squares 0.01627

Pearson's r 0.99907
Swinholide A R-Square(COD) 0.99814
5 Adj. R-Square 0.99767
10 [T T T
10? 10°® 107 10°¢ 10°

Assay 1, EC5, (M)

Figure 6. Test-retest reliability of the cytokinesis assay. EC, values (upper right panel) for blebbistatin, para-aminoblebbistatin, para-nitroblebbistatin,
jasplakinolide, cytochalasin D, and swinholide A were determined in two independent runs (assay 1 and assay 2). Compounds showed potencies in

a ~1500-fold range. Linear regression analysis (lower right panel) revealed
has excellent reliability.

a coefficient of determination (“R square”) of 0.998 showing that the assay
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Figure 7. Assay reliability depends on sample size. A. Probability mass functions describing the probabilities of finding all possible NCRs depending

on the sample size “n

(number of cells imaged) were calculated based on the binomial distribution. It was assumed that there are mono- and binucleated

cells only and the true value of the NCRis 1.7 and 1.15 for positive and negative controls (not shown), respectively. Note that the probabilities were cal-
culated for discrete values of the estimated NCR, as there are exactly n + 1 different possible values of the NCR for sample sizes n > 2 (the distributions
are not continuous functions). In these calculations, the NCR was always between 1 (all cells are mononucleated) and 2 (all cells are binucleated). True
values of the NCR are shown as red vertical lines. B. The probability of finding an estimate of the NCR close to the true value can be calculated as the
sum of all probabilities falling in the range of true value + 5% (defined in this work). This probability is highly dependent on the sample size for both pos-
itive (red) and negative (blue) controls. Obtaining good estimates is critical to assay reliability (Z-factor). A sample size less than ~300 cells may result
in seriously under- or overestimated parameter values solely due to the random nature of sampling.
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It is possible that a compound may induce cell loss due to severe
cytotoxicity or loss of adherence. In these cases, the above described
adaptive imaging strategy (image at least 600 cells) may be limited by
the total surface area of a well. If limited cell loss occurs, imaging 600
cells may still be achieved, in which case, this should be further inves-
tigated by determining the average number of Hoechst33342-positive
nuclei in a unit area imaged for each well in a plate. Nuclei, but not cells
can divide in this assay, if an active compound is present. Therefore,
if cell loss is negligible, the average number of nuclei (but not cells)
in a unit area is expected to always be similar. This ratio should not
drop below that of the positive control, unless the compound induces
loss of adherence or the conditions in the well(s) are problematic (e.g.,
contamination).

A similar phenotypic high-throughput screen for the identification
of novel cytokinesis inhibitors has been published [10]. In that screen,
fixed cells were stained by two dyes to visualize the cytoplasm and
nuclei. The requirement for multiple staining and washing steps makes
the procedure substantially more time consuming than our current
protocol [10]. Moreover, with each step, the risk of losing cells from
the surface increases and, because the cells are fixed, cytotoxicity can

only be estimated in separate experiments. In contrast, the method
detailed here directly applies a single staining step with three dyes to
living cells, thereby reducing the risk of cell loss and providing the
additional information of a cytotoxicity readout. Others have used EG-
FP-a-tubulin mCherry-H2B-labeled HeLa Kyoto cells to visualize the
multinucleated phenotype after treating cells with blebbistatin derivatives
[14,15]. Because these cells express EGFP-o-tubulin in the cytoplasm
and mCherry-H2B in nuclei, they do not require any staining before
imaging. Although stain-free live cell imaging provides this advantage,
one would need to introduce similar genetic modifications to any other
cell lines prior to using them in screening experiments. In contrast, the
protocol described here uses reagents that are broadly compatible with
any cultured cell type. For example, the combination of FDA, PI and
Hoechst33342 dyes have recently been used to assess neuronal viabil-
ity in cerebellar granule neuron cultures [36]. Please see Table 1 for a
summary. Finally, it should be noted that a readout of multinucleation
may not be different between inhibition of cytokinesis and induction
of cell fusion. To differentiate between the two mechanisms for novel
compounds, follow up cell fusion assays could be used [37].

Table 1. Comparison of the newly developed and previously established cytokinesis assay protocols.

Eggert et al. [10]

Kepiro et al., Varkuti et al.

Current protocol

[14,15]
Fixing Yes No No
Staining Yes No Yes
Dyes used Tetramethylrhodamine-NHS ester None Fluorescein diacetate (living cells)
(total cytoplasm) Hoechst33342 (DNA/nuclei)
Hoechst33342 (DNA/nuclei) Propidium lodide (DNA/dead nuclei)
Fixing and staining time ~90 min, 6 steps No Staining only, ~15 min, 2 steps
Genetic labeling None EGFP-a-tubulin (cytoplasm) None
mCherry-H2B (nuclei)
Risk of cell loss High None Low
Cytotoxicity readout No No Yes
Applicability to other cell lines  Yes Genetic labeling is needed first Yes
Microscopy Automated fluorescence microscopy Manual Automated fluorescence microscopy
Image processing Automated counting of nuclei Manual Fully automated (Highly resistant to

Manual counting of binucleated cells

artifacts)

In summary, the cytokinesis assay presented here is amenable to semi
high-throughput screening applications. It can identify novel cytokinesis
inhibitors regardless of their molecular target or mechanism of action,
provided that the presence of such inhibitors induce multinucleation.
The robustness and flexibility of the assay relies on the simplicity of
both the experimental methodology and data analysis. Three inex-
pensive, small molecule fluorescent dyes are used in combination in
a single staining step to provide double-fluorescent labeling for every
target of interest, as a readout of compound potency and cytotoxicity.
The assay is designed to be resistant to artifacts and has a high rate of
reproducibility. Further, the data analysis does not rely on complicated
classification of individual cells based on their phenotype. Rather, it
simply requires the ability to count cells and nuclei. This can be done
by hand or by numerous software programs already programmed to
do so automatically.
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Supplementary information

Figure S1. Assay plate layout used in screening experiments.
Figure S2. Cells treated with the NMII inhibitors blebbistatin (left)
and para-nitroblebbistatin (right) develop multinucleated phenotype.
Figure S3. Cells treated with jasplakinolide (left), an inducer of
actin polymerization, or swinholide A (right), an actin severing agent,
develop a multinucleated phenotype.
Supplementary information of this article can be found online at
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