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Long-term video-based tracking of single A549 lung cancer cells exposed to three different concentrations of the marine toxin yessotoxin (YTX) reveals significant variation in
cytotoxicity, and it confirms the potential genotoxic effects of this toxin. Tracking of single
cells subject to various toxic exposure, constitutes a conceptually simple approach to elucidate lineage correlations and sub-populations which are masked in cell bulk analyses.
The toxic exposure can here be considered as probing a cell population for properties
and change which may include long-term adaptation to treatments. Ranking of pedigree
trees according to a measure of “size,” provides definition of sub-populations. Following
single cells through generations indicates that signaling cascades and experience of
mother cells can pass to their descendants. Epigenetic factors and signaling downstream lineages may enhance differences between cells and partly explain observed
heterogeneity in a population. Signaling downstream lineages can potentially link a variety
of observations of cells making resulting data more suitable for computerized treatment.
YTX exposure of A549 cells tends to cause two main visually distinguishable classes
of cell death modalities (“apoptotic-like” and “necrotic-like”) with approximately equal
frequency. This special property of YTX enables estimation of correlation between cell
death modalities for sister cells indicating impact downstream lineages. Hence, cellular
responses and adaptation to treatments might be better described in terms of effects on
pedigree trees rather than considering cells as independent entities.
Keywords: single-cell tracking, pedigree tree profiles, correlation sister cells, yessotoxin, cancer, epigenetic
inheritance

1. INTRODUCTION
Live cell time-lapse microscopy can be a valuable tool for early diagnosis in cancer therapy.
Continuous single-cell tracking over many cell divisions is essential to discover rare cell populations
and heterogeneous cell responses, which can be missed in cell bulk assays. It can therefore provide
the temporal information that is required to identify differential cell responses and cell fates (1, 2).
The main intention of the present work is to contribute to the development of such tools via a case
study of tracking individual A549 lung cancer cells exposed to the small molecule compound yessotoxin (YTX). This toxin can induce different cell death modalities in many cellular systems (3, 4).
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It can activate both caspase-dependent and -independent death
pathways (5–12). It also induces different cell death modalities
in A549 cells and which fall into two main morphologically
distinguishable classes with approximately the same frequency
of occurrence. This gives a unique opportunity to observe correlation of cell death modalities for sister cells indicating lineage
downstream signaling. This possible communication channel
may be significant for enhancement of differences between lineages and adaptation.
YTX can trigger a broad spectrum of cytotoxic responses
(13–21). It can also cause anti-allergic and anti-tumoral effects
(22) and Korsnes and Korsnes (23) demonstrated its ability to
induce genotoxic effects in BC3H1 cells. Several authors have
proposed YTX for biotechnological, pharmaceutical, and therapeutic applications due its various cytotoxic and genotoxic effects
(4, 24–27).
This work corroborates the capacity of YTX to induce genotoxic effects in A549 lung cancer cells. Treatment of the cells with
three different concentrations of this toxin enables to determine
variation in individual cell response and cell fate profiles. Cells
exposed to YTX are able to carry out abnormal cell divisions
affecting cell proliferation. Pedigree profiles evidence how YTX
exposure notably affects cell division depending on concentration of the toxin. Asymmetric distributions of the cytoplasm,
multipolar divisions, and nuclear changes also confirm this fact.
These traits are prominent characteristics of mitotic catastrophe,
which is a regulated oncosuppressive mechanism that impedes
cell proliferation and/or cell survival owing to extensive DNA
damage, problems with the mitotic machinery, and/or failure of
mitotic checkpoints (28). It can result from high levels of DNA
replication stress or it is caused by an aberrant ploidy or by
deregulated chromosome segregation (29, 30).
Single-cell tracking is a developing technology with prospective valuable applications in cancer research and medicine
(2). The present work illustrates examples of distinct statistical
structures in data from such tracking. Extraction of structures in
spatial and temporal observations of single cells can contribute to
the development of automatic search for “signatures” of predictive value in large sets of video data. This can help to understand
cellular processes and also help timely diagnosis and monitoring
for change detection. The approach may be specially relevant
for cancer treatment since populations of cancer cells typically
exhibit significant variation, and they adapt or become resistant
to drug treatments (2, 31–33). Further development of technology
for single-cell tracking may include introduction of hardware
for new bio-probes to increase the possibilities to monitor intracellular organelles and to identify molecular signaling pathways.

and 1,000 nM YTX and control cells were incubated with 0.2%
methanol as vehicle. Control cells and treated cells for Hoechst
labeling were exposed to different end points 24, 48, 72, and 96 h.

2.2. Cell Culture

A549 cell lines were provided by Dr. Yvonne Andersson and
Dr. Gunhild Mari Mœlandsmo from the Institute of Cancer
Research at the Norwegian Radium Hospital. Cells were cultured
in RPMI 1640 (Lonza, Norway), supplemented with 9% heat
inactivated fetal calf serum (FCS, Bionordika, Norway), 0.02 M
Hepes buffer 1 M in 0.85% NaCl (Cambrex no 0750, #BE17737G) and 10 ml 1× Glutamax (100×, Gibco #35050-038), 5 ml
in 500 ml medium. Cells were maintained at 37°C in a humidified
5% CO2 atmosphere.

2.3. Time-Lapse Video Microscopy
and Single-Cell Tracking

A549 cells were plated onto 96-multiwell black microplates
(Greiner Bio-One GmbH, Germany) for time-lapse imaging.
Cells were imaged into Cytation 5 Cell Imaging Reader (Biotek,
USA), with temperature and gas control set to 37°C and 5% CO2
atmosphere, respectively. Sequential imaging of each well was
taken using 10× objective. The bright and the phase contrast
imaging channel was used for image recording. Two times two
partly overlapping images were stitched together to form images
of appropriate size. A continuous kinetic procedure was chosen
where imaging was carried out with each designated well within
an interval of 6 min for a 94 h incubation period. Exposed cells
were recorded simultaneously subject to three different concentrations of YTX 200, 500, and 1,000 nM. Control cells were
imaged for 26 h in a separate experiment. Technical limitations
of the early version of the recording software made it difficult to
record all the cells simultaneously because when the density of
the control cells became too high, the exposure settings could be
compromised. See supplementary data providing video from the
recordings.
The single-cell tracking in this work was performed using the
experimental computer program Kobio_Celltrack.1 This system
did facilitate to define a rectangle in the middle of the video scene
so it initially contained 100 cells to be tracked. Observables from
this approach are as follows:
• Pedigree trees where time tagged nodes represent mitosis or
cell death and edges stand for observed life span for cells.
• Volume estimates of cells observed to round up before division. These estimates are based on measuring diameters of
cells in the state of rounding (short before mitosis).
• Estimates of velocity based on kernel density of positions
(Gaussian kernel with fixed bandwidth equal to 15 min).
• Visual classification of cell death.

2. MATERIALS AND METHODS
2.1. Toxin

YTX was obtained from the Cawthron Institute (Nelson, New
Zealand). It was dissolved in methanol as a 50 µM stock solution. The stock solution was after diluted in RPMI medium
(Lonza, Norway), achieving a final concentration of 2 µM YTX
in 0.2% methanol. Treated cells were incubated with 200, 500,
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The visual classification of cell death is assumed to be relatively
easy to automatize via image processing.
1

2

https://www.korsnesbiocomputing.no/ (Accessed: June 30, 2018).

July 2018 | Volume 8 | Article 260

Korsnes and Korsnes

Tracking of A549 Cancer Cells

The present description of heterogeneity in the study cell line
includes ranking of pedigree trees based of a measure (“size”)
which intuitively represents viability. The common definition of
the size of a graph (or tree) G is simply its number #G of nodes.
However, the present definition of size, M(G), of a pedigree tree
modifies this definition as follows:
M (G ) =
∆

1

∑ f ( s (c ))

fα (τ ) c∈G

α

laser scanner microscope SP5 (Leica Microsystems Wetzlar
GmbH, Wetzlar, Germany).

3. RESULTS
3.1. Revealing Heterogeneity From
Single-Cell Tracking

(1)

Visualization of pedigree trees from single-cell tracking can help
to reveal heterogeneity among cells in a population. It supports
detection of possible correlations among mother and daughter
cells and between sister cells and which indicates various forms
of inheritance from mother to daughter cell. The pedigree trees
from the present tracking of A549 cells exposed to yessotoxin,
indicate an information transfer downstream pedigree trees and
which depends on concentration of the toxin. An example of such
inheritance is that sister cells tend to die by similar cell death
modality. Information transfer downstream pedigree trees can
have interest for assessments on how toxins may affect cells over
time.
Figure 1 illustrates the organization of the above-mentioned
tracking of A549 cells. The figure shows images of the cells after
exposure to the three different concentrations 200, 500, and
1,000 nM of YTX during 1 and 60 h. The red frames are here
precisely large enough to contain 100 cells at start and which
below are called initial populations. Five, four, and one of the cells
exposed to 200, 500, and 1,000 nM, respectively, had a descendant
which left the imaged area (these cells and their descendants were
excluded from the statistical treatment below). The supplementary data include video illustrations of the single-cell tracking as
well as the pedigree trees resulting from it.
Figure 2 shows the size of these three cell populations as
they develop during the observational period of 94 h, whereas
Figure 3 shows frequency of cell death in the populations during
this period. One can here see that cells start to die mainly after
40 h of YTX exposure. The frequency of mitosis here reduces
after 50 h for 200 nM exposure and after 15 h for 1,000 nM
treatment.

where α is a tuning parameter (here set to 4 h−1) for the function
fα(x) = log(αx + e), s(c) represents the observed lifetime of cell c,
and τ = 19 h (the doubling time for control cells). e is the Euler’s
number. Note that an observed lifetime s(c) counts as 1 if it is
1
fα ( x ) = 1 for
equal to the doubling time τ simply because
fα (τ )
x = τ (cf. Equation 1). The ordering of pedigree trees according
to this definition of size M(⋅) is only slightly dependent of the
value of α if it is in the range 1–20 h−1.

2.4. Nuclear Visualization of Using
Hoechst Labeling

1 × 104 control and YTX-treated cells were fixed in 4.0%
paraformaldehyde 7.3 pH for 15 min at room temperature.
After fixation, cells were washed 3 times with PBS. Cells were
incubated with blocking buffer solution (1× PBS in 5% donkey
serum and 0.3% Triton X-100) for 15 min. The fixative was
removed and then replaced with prewarmed live cell imaging
solution containing 50 nM LysoTracker red DND-99 (Life
Technologies), and the cells were further incubated for 15 min at
37°C. Cells were washed 3 times with Live cell imaging solution
(Termofisher, USA). Two drops of NucBlue® Live ReadyProbes®
(Termofisher, USA) was added to a 1 ml live cell imaging solution (Termofisher, USA). The prepared solution was added to
the cells and incubated for 7 min at room temperature. Cells
were then washed two times with live cell imaging solution
(Termofisher, USA). Cells were analyzed with a Leica confocal

Figure 1 | Sample images from time-lapse recording for single-cell tracking. The red frame is large enough to cover initially 100 cells with descendants inside the
imaged area during the following time of recording. The frames are of size 888 × 484 μm2, 858 × 452 μm2, and 840 × 434 μm2 (respectively from left to right). The
cells are exposed to 200, 500, and 1,000 nM. The lower row shows the cell population at 60 h from the start of exposure. Note the increase of the cell populations
from the start to 60 h (largest increase for cells exposed to 200 nM). Many cells move out of the initial red frame during the actual period. Scale bar: 100 µm.
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The development of the population size reflects the total effect
from cell division and death which in this work where visually
classified as either apoptosis- or necrosis-like. Figures 4 and 5
clarify this classification based on descriptions of macroscopic
morphological alterations as recommended by Galluzzi et al.
(28). The classification facilitates automatic classification via
computer analysis of image time sequences. Apoptosis exhibits
cytoplasmatic shrinkage, plasma membrane blebbing culminating with the formation of apparently small vesicles (apoptotic
bodies). Croft et al. (34) suggested that destabilization of the
nuclear lamina enables the actomyosin cytoskeleton to tear
the nucleus apart and that this process is required to generate
apoptotic bodies. Necrosis is morphologically characterized
by cytoplasmic granulation, organelle, and/or cellular swelling
(oncosis) terminating with membrane rupture (35).

Classification of cell death has historically been based on morphotypes. Its understanding is developing and novel signaling
pathways are still being characterized tending to rely on models
of signal transduction modules involved in initiation, execution,
and propagation of cell death (28). However, the present examples
of strong correlation between cell death modalities in daughter
cells (see Section 3.2 below) indicates a fundamental biological
relevance of the present visual classification.
The above computer-based single-cell tracking provides pedigree trees where each of the initial cell defines the root of a tree
and where events of cell division are time tagged nodes (vertices).
A directed connection (arc) between two nodes represents the
observed life span of a cell. Figures 6–8, respectively, show the
10 largest (as sorted according to size), the 10 middle (“median”),
and the 10 smallest pedigree trees for cells exposed to different
concentrations of YTX (200, 500, and 1,000 nM). Equation 1
here defines the (“size”) ranking of pedigree trees. These pedigree
trees indicate significant variation of cellular response to the
YTX exposure. Figures 9–10 summarize this variability. Figure 9
provides estimates of the size distribution of pedigree trees, and
Figure 10 shows the temporal development of number of cells in
the 20% largest and the 20% smallest pedigree trees. Figures 6–8
also indicate correlations between cells in the pedigree trees.
Assume a sub-tree where a first generation daughter cell is the
root node. The size of this sub-tree seems visually positively to
correlate with the size of the corresponding sub-tree for the sister
cell. The pedigree trees tend in general to appear as somehow
symmetric (around the horizontal line through its root). Section
3.2 further elaborates this indication of heritage downstream
pedigree trees.

Figure 2 | Development of cell size population initially consisting of 100
individuals. The cells were exposed to three different YTX concentrations
200, 500, and 1,000 nM. These data result from tracking the cells which may
divide or die. A short recording of control cells indicate initial exponential
growth with a doubling time 19 h. Note that the development of population
size strongly depends on concentration of the toxin which starts to take
effect short after exposure. Subsequent results below show large variations
in the development for subsets of these three populations.

3.2. Lineage Inheritance and Information
Transfer Downstream Pedigree Trees

Estimates of correlations between morphological features of sister
cells and between mother and daughter cells can contribute to
reveal possible inheritance downstream pedigree trees. Figure 11
shows an example where sister cells share morphological features

Figure 3 | Frequency of cell division and cell death in three cell populations of initial size 100 individuals. The cells were exposed to YTX at concentrations 200,
500, and 1,000 nM. These data result from individual cell tracking. Note that cells start to die at about 40 h after exposure except for 500 nM where apoptosis-like
cell death starts to appear after 20 h. Many cells exposed to 1,000 nM enter quiescence after range 30–40 h (see also Figures 6–8 below).

Frontiers in Oncology | www.frontiersin.org
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Figure 4 | Example of cell death classified as “apoptosis-like” based of imagery recordings. Apoptotic-like cell death evidences cell shrinkage, dynamic membrane
blebbing until the cell is systematically dismantled into membrane wrapped vesicles (apoptotic bodies). Green arrow points into apoptotic nuclear disintegration
(nuclear extrusion). This morphology can facilitate automatic and objective classification and determination of time for cell death. Scale bar: 20 µm.

Figure 5 | Example of cell death classified as “necrosis-like” based on imagery recordings. Typical features are cytoplasmic granulation and membrane rupture. The
necrotic cell looks like fixed/frozen. This morphology can facilitate automatic and objective classification and determination of time for cell death. Scale bar: 20 µm.

such as vacuoles. It here intuitively looks like the vacuoles of the
mother cell are conserved through cell division and transferred
to the daughter cells. This may be an indication of the capacity
to transfer cell signaling pathways downstream cell division.
Vacuoles need time to form, and here they immediately appear
after cell division. Hence, it is reasonable to believe that the
daughter cells inherited them directly from the mother. Figure 12
more simply illustrates a similar situation. The mother cell here
contains one major observable vacuole which one of the daughter

Frontiers in Oncology | www.frontiersin.org

apparently inherits from her mother. The size and number of
observed vacuoles in the mother and daughter cells are, for both
Figures 11 and 12, consistent with the concept that they are
transferred through cell division.
It is reasonable to believe that inheritance of other organelles
and signal molecules similarly can pass through cell division.
Mothers may initiate cell signaling cascades including cell death
pathways routing to the daughters since they tend to die in the
same way as summarized in Table 1.

5
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Figure 6 | The 10 largest pedigree trees for cells exposed to 200, 500, and 1,000 nM (respectively from left to right). Symbols: “Mit” represents mitosis. Circle here
represents normal rounding during cell division whereas hexagon represents no normal rounding. “Apop” and “Necr,” respectively, represents apoptosis and
necrosis. “LIVE” means the cell still lives at end of recording.

The shape of pedigree trees (cf. Figures 6 and 8) gives the
impression of correlation between the toxic resistance of sister
cells produced by the first (root) cell. The trees seem to have a
more symmetric form as compared to hypothetical trees where
cell fate where independent for each cell.
Figure 13 (upper part) includes an illustration of the correlation between the size of subsequent sub-trees of the first
generation of sister cells in the present observed pedigree trees
(cf. Figures 6 and 8). The figure shows estimates of the joint probability distribution p(x,y) for the size of the observed pedigree
(sub-)trees consisting of the descendants of the first generation
sister cells (i.e., the sister cells produced after the first observed
cell division of the original pedigree trees).
The estimates of the joint distribution p(x,y) of the size of
first generation sister cell sub-trees are kernel density estimates
of p(x,y) based on joint observations (xi, yi) of the size xi and
yi, i = 1,2,…,N of sub-trees for N tuples of sister cells. It is here

Frontiers in Oncology | www.frontiersin.org

no preference between sister cells so the probability distribution p(x,y) is assumed to be symmetric (i.e., p(x,y) = p(y,x)).
The observations are therefore swapped to impose symmetry in
the way that if (xi, yi) represents an observation, then also (yi, xi)
is also part of the set of (joint) observations.
Figure 13 shows a rich structure of the joint distributions
p(x,y) for 200 nM exposure. The distribution seems to reflect three
main groups of pedigree trees reflecting different toxic resistance.
These groups also seem to match main parts of the distribution
for 500 and 1,000 nM exposure. Figure 13 also shows correlations
between volume of mother and daughter cells and maximum
velocity of sister cells (cf. Section 2.3). A general impression from
Figure 13 is that the lowest concentration of exposure tend to give
the highest correlations between sister cells and between mother
and daughter cells. Table 1 also shows correlation between the
type of cell death of sister cells in situations where both sisters are
observed to die. Figure 14 shows observed life span for these cells.

6
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Figure 7 | Pedigree tree number 46–55 (“median”) for cells exposed to 200, 500, and 1,000 nM (respectively from left to right).

which may contribute to failure in cytokinesis (cf. Figures 12,
15 and 16). Failure in cytokinesis can lead to multipolar mitosis
and asymmetric cell divisions (29, 37–40). YTX exposure tends
to make A549 cells to delay a second round of mitosis. Korsnes
and Korsnes (23) showed a similar effect on BC3H1 cells and
which indicates genotoxicity. Figure 17 shows the distribution of
observed life span of cells after the first and second cell division.
Note here that only a part of the population tend to delay the
second round of division or die. This means that some cells seem
to resist the toxin treatment much better than others. Figure 17
(lower part) also shows that the frequency of abnormal cell
rounding increases downstream pedigree trees (and later in
time). This additionally supports the idea that YTX is genotoxic
for A549 cells. Results from Hoechst labeling (Figure 18) also
support it. Such labeling reveals nuclear shrinkage and nuclear
envelop deformation adopting a lobulated form. These are typical
signs of genotoxic effects.

The classification in apoptotic- and necrotic-like cell death
are here as above (cf. Figures 4 and 5). The table shows that cell
death tend to appear as either apoptotic or necrotic for both sister
cells exposed to YTX at concentrations 200, 500, and 1,000 nM.
Simple statistical hypothesis tests show (for example, by simulation) that the two cell death modalities are clearly correlated. The
following test statistic can here serve for formal hypothesis testing
independently for each concentration of YTX:
z=

N different
N total

(2)

where Ntotal denotes the number of combined observations of cell
death type of two sister cells (“Sister 1” and “Sister 2”), and Ndifferent
denotes the subset of observations where cell death modalities
are different. Note that there is consistence between the present
observations of sister cell death for the three different concentrations of YTX.

4. DISCUSSION

3.3. Special Sign of Genotoxicity

Tracking of single A549 cells exposed to YTX reveals heterogeneity and lineage correlations in cell response depending on
the concentration of the toxin. Korsnes (4) brought up the
possibility to use YTX as a tool to induce different cell death

A549 cells exposed to YTX often exhibit various types of abnormalities during mitosis, delay in mitotic rounding, abnormal
midbody structure which is usually thick or very elongated
between diving cells, delay in resolution of chromatin bridges

Frontiers in Oncology | www.frontiersin.org
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Figure 8 | The 10 smallest pedigree trees for cells exposed to YTX at concentrations 200, 500, and 1,000 nM (respectively from left to right).

Figure 9 | Size distributions for pedigree trees from A549 cells exposed to YTX at concentrations 200, 500, and 1,000 nM. These estimates are kernel densities
for the size of three sets of 100 pedigree trees (see text). The kernel bandwidths are here according to the rule of thumb of Silverman (36). Note overlap of size for
the three distributions.

modalities, and she demonstrated this potential exposing
BC3H1 cells to 100 nM YTX. The present selection of YTX
concentrations (200, 500, and 1,000 nM) cause induction of
“apoptosis-like” and “necrosis-like” cell death to occur with
about the same frequency for A549 cells. These concentrations

Frontiers in Oncology | www.frontiersin.org

did also practically help to reveal how pedigree tress can depend
on concentration. The unique capacity of YTX to trigger different cell death modalities at approximately the same frequency
(for the present range of concentrations), enables to correlate
these modalities for sister cells. The observed tendency of sister

8
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Figure 10 | Development of number of cells from the 20% smallest and 20% largest pedigree trees in a cell population initially consisting of 100 individuals.
The cells were exposed to YTX at concentrations 200, 500, and 1,000 nM. These data result from tracking the initial cells and their descendants.

Figure 11 | Subsequential images showing vacuole inheritance. Vacuoles (red arrow) pass from mother cell to her daughters through cell division. Scale bar: 20 µm.

Frontiers in Oncology | www.frontiersin.org
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Figure 12 | Daughter cell inherits a vacuole from its mother (red arrow). Green arrow points on delay abscission in cells with persistent chromatin in the
inter-cellular bridge. Scale bar: 20 µm.

The possibility to test hypotheses against observations gene
rally makes them more interesting than otherwise. Single-cell
DNA sequencing may in different ways provide testing of the
conjecture that epigenetic factors are significant to explain the
observed heterogeneity among A549 cells exposed to YTX.
Assume exposed cells are tracked for a period long enough to
form pedigree trees of various sizes. Then the tracking may be
stopped for subsequent sequencing in a way so single cells still can
be identified as part of a pedigree tree. This enables to correlate
the DNA of single cells with their life history. A complementary
approach using DNA sequencing is to make “twin studies” of sister cells or make analyses of subsequent pedigree trees for them.
The results above (Section 3.2) show that sister cells are correlated
with respect to how that die or the viability of their descendants
(size of the pedigree tree formed by their descendants). Assume
one manage to retrieve many single cells for DNA sequencing,
but still let many of then continue undisturbed. Also assume
one manage to conserve the identity of all cells (those retrieved
and those not retrieved). Then one may know (statistically or
partly) the potential fate of individual sequenced cells as if they
are still alive. This approach, however, technically challenging,
could contribute to distinguish between a hypothesis that DNA
mostly counts for heterogeneity as opposed to the possibility that
observed variation depends on epigenetic mechanisms.
Single-cell tracking directly indicates that yessotoxin is genotoxic for A549 cells. Korsnes and Korsnes (23) showed similar

Table 1 | Number of observations of apoptotic- or necrotic-like cell death for
sister cells exposed to YTX at concentrations 200, 500, and 1,000 nM.
Apoptosis: A
Necrosis: N

Sister 1

Sister 2
200 nM

A
N

500 nM

1,000 nM

A

N

A

N

A

N

12
1

1
11

21
3

5
19

16
6

9
22

This result is from tracking three populations of 100 initial cells, respectively, exposed to
YTX at these three concentrations during 94 h. “Sister 1” here denotes the sister with
the longest life span.

cells to die the same way, indicates a general “channel” or capacity for downstream signaling and adaptation to stress. This can
be a mechanism for accumulation of epigenetic memory. Such
accumulation may partly explain the observed heterogeneity
among the cells. However, genetic variation can also contribute
to it.
A further development of the present study may include
comparison of populations with slightly different genetic
composition. The comparison may reveal to which extent such
differences can affect the statistical properties of pedigree trees.
Long-term cultivation of cells under slightly unlike conditions is
a conceptually simple way to produce different populations for
such experiments.

Frontiers in Oncology | www.frontiersin.org
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Figure 13 | Top row: joint distribution of size of subsequent sub-trees for sister cells. The surfaces are smoothed version of normalized impulses at positions given
by associated values from tuples of sister cells. Symmetry is forced by switching values for sisters (artificially doubling the number of observations). Middle row: joint
distribution of volume of mother and daughter cell. Bottom row: observed maximum velocity of sister cells.

effects for BC3H1 cells. A sign of genotoxicity for cells exposed to
a toxin is that they tend to exhibit aberrant mitosis and multipolar
divisions (29, 41–44).
Dividing cells normally adopt a short-term spherical shape
known as mitotic cell rounding (45). This behavior is common
for most eukaryotic cells ensuring that all chromosomes are
timely captured by bringing them close together with spindle
microtubules (45). Hence, proper mitotic rounding is considered
to enable efficient and stable bipolar spindle assembly for precise
and timely mitotic progression (46).
Frontiers in Oncology | www.frontiersin.org

YTX treatment can affect mitotic rounding of A549 cells. The
cells can fail to reach proper spherical rounding or the rounding
takes long time. This may disrupt spindle assembly altering chromosome capture during mitotic progression which may enable
asymmetric cell divisions as shown in Figures 15 and 16.
The nuclear pore complex and components of the nuclear
envelop can have different active roles in mitotic events (47).
Deregulated division of cancer cells are prone to defects in
both the morphology and proteins of the nuclear envelop (48).
Its possible structural changes such as low levels of lamins
11
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Figure 14 | Comparison of life span for sister cells observed to be born and die bye necrosis and/or apoptosis during the observation period of about 94 h. The
cells were exposed to YTX at concentrations 200, 500, and 1,000 nM. “Sister 1” denotes the one with the longest life span of two related sisters. Note that there are
more mixed cell death modalities (green) for sister cells exposed to 1,000 nM YTX as compared exposure with the lower concentrations. Necrosis tends partly to
appear later than apoptosis for exposure by 500 nM.

Figure 15 | Time-lapse images of mitosis in control and exposed cells treated with YTX. Control cells exhibit normal mitotic rounding and the cells adopt a
complete spherical form (green arrow) indispensable for timely mitotic progression. Exposed cells show failure in cell rounding (red arrow) which may induce
defects in spindle assembly, pole splitting, and delay in mitotic progression. Scale bar: 20 µm.

can result in lobulated nucleus (49). YTX treatment tends
to make the nuclear envelop to adopt lobulated forms. This
probably results from alterations in lamin levels or other key
structural nuclear envelop proteins. Lamins undergo dramatic
remodeling during cell division (50), and errors here can
contribute to various alterations including aneuploidy, mitotic
spindle assembly, and other profound aberrations in mitosis
(51, 52).

Frontiers in Oncology | www.frontiersin.org

Section 3.2 provides rationales for the idea that signaling proteins can transfer directly from a mother cell to her daughters where
they play a role in their subsequent fate. The idea to use time-lapse
studies to reveal such information transfer downstream cellular
lineages is not new. Both Arora et al. (53) and Barr et al. (54) point
out the possibility of using time-lapse studies to link information
about how endogenous DNA replication stress in mother cells
can pass through daughter cells and later generations.
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Figure 16 | Three examples of asymmetric cell division for A549 cells exposed to YTX at concentrations 200, 500, and 1,000 nM (respectively from top to
bottom). Blue arrow illustrates multipolar mitosis and yellow arrow shows a defective mitotic spindle morphology which may affect chromosome alignment. Scale
bar: 20 µm.

Transfer of information downstream lineages may change cell
populations and facilitate accumulation of information including
adaptation to toxins. Adaptation can here be looked at as a simple
form of learning. An open question is how developed or complex
this potential learning may be and if there are evolutionary
conserved “channels” for signaling downstream pedigree trees
to provide input for “decisions.” The present results indicate
that 1,000 nM YTX exposure reduces correlations between cells
downstream pedigree trees as compared to the exposure at lower
concentrations (200 and 500 nM). One may therefore expect that
Frontiers in Oncology | www.frontiersin.org

exposure at higher concentrations reduces the ability to adapt to
toxic stress.
Cell lineages may link observations from different cells and
help to provide prognoses from combined analyses. Parameters
derived from one event of mitosis may statistically correlate
to later events, but without knowing about possible related or
“linked” events, an event may appear as “random.” Similarly, two
events of cell death may appear (unconditionally) independent.
However, with the possible information that the cells are sisters,
they may be considered dependent (cf. Table 1). The information
13
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Figure 17 | Upper part: distribution of observed life span for cells exposed to YTX at concentrations 200, 500, and 1,000 nM after first and second division. Lower
part: fraction of mitosis events without proper cellular rounding. Note that this fraction roughly seems to increase for each cell cycle. A cell is here formally defined to
“round up” if the radius of the maximum disk included in/inside (the image of) the cell and the radius of minimum disk including/covering the cell, differ less than 10%.

that cells are sisters, provide additional information useful
to predict their possible cell fate. Two events may, in terms of
statistical theory, be independent, whereas they are conditionally
highly related. Kinship relations may therefore serve to link
large amounts of observations of cells to find information of
interest.
Data from tracking single cells subject to various treatments
can be stored in large combined databases to make it available for
computerized data mining (such as application of “Big Data”).
The treatments of cells may function as probing them for information. Some treatments may also provide information on potential
bioactivity of toxins (bioprospecting). Computerized search in
data from single-cell tracking can presumably bring knowledge
of medical relevance beyond the reach via direct single human
assessments. It may produce prognoses and diagnoses best fitting
to, for example, clinical observations. The approach may help to
find connections between in vitro, in vivo, and clinical data and
in this way bringing extra value from, for example, experiments
on cell lines.
Smart computer systems can in principle find structures in data
and optimize definitions to improve predictive power. Structures
in lineage data can provide inspiration and also be directly
Frontiers in Oncology | www.frontiersin.org

relevant for establishing computerized treatment of data from
singe-cell tracking. The definition of, for example, the “size” of a
pedigree tree (Equation 1) is here only meant to be a pragmatic
attempt to reflect viability according to a simple linear ordering.
A computer system may optimize this definition to uncover
structures of biological or medical relevance. The present linear
ordering of pedigree trees may generalize to relations involving
many parameters (not only one as above). The general philosophy
here is that preliminary semi-optimal attempts can contribute to
find models of more predictive power.
Collections of pedigree trees from cells subject to different
treatments can provide quantification of diversity, detection of
change in populations, and emergence of sub-populations as
well as possible signaling downstream pedigree trees. Large sets
of pedigree trees can facilitate automatic search for signatures
to find relations and knowledge otherwise not available from
limited experiments. Probabilistic descriptions of pedigree trees
can give opportunities to track cells in more effective multi-target
based ways as compared to a naive approach following singe cells
independently one at a time. It can help to resolve ambiguities
in cell tracking and in this way facilitate efficient sampling and
error detection.
14
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Figure 18 | Hoechst labeling of A549 cells showing nuclear envelope defects after being exposed to 200, 500, and 1,000 nM YTX for 24, 48, 72, and 96 h. First
column: Hoechst labeling for control cells showing normal nuclei with normal nuclear envelopes. Second, third, and fourth columns show cells exposed to 200, 500,
and 1,000 nM, respectively. Note deformed nuclei with lobulated nuclear envelopes in YTX-treated cells. Scale bar: 25 µm.

Cancer cells may progressively accumulate genetic mutations
derived from clonal evolution. However, only a clonal minority
may be responsible for cancer progression (55–57). Epigenetic
changes also contribute to cellular heterogeneity because they
promote changes in gene functions/interactions and propagate
heritable changes in the phenotype without affecting the DNA
sequence (56). These changes can maintain the phenotype into
the adulthood and for subsequent generations (58, 59).
A type of epigenetic memory which can help adaptation to
stress is connected to the nuclear pore complex (NPC) which
is a large molecular portal penetrating the nuclear envelop to
facilitate nuclear-cytoplasmatic trafficking (60). Guan et al. (61)
demonstrated that many yeast genes induced by oxidative stress
are activated more rapidly in cells that have previously experienced salt stress. This effect persists for up to four generations
after the initial stress.
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The significance of epigenetic inheritance of cellular phenotype during cell divisions has remained underestimated (62). The
stability of the cellular mRNA and proteins confers the capacity
to a cell to conserve a stable gene expression level and transmit it
over multiple generations even if transcription and translation are
highly fluctuating. In addition, reducing short-term fluctuations
through high stability of the molecules can be considered as a
simple way of transcription noise reduction at a low energy cost.
Indeed, it takes less energy for the cell to maintain the constant
level of a protein by not degrading the molecules already present
than continuously re-synthesizing them (63).
Several authors have commented on the significance of
“non-genetic” information transfer from mother to daughter
cells. Memory mechanisms of gene transcription regulation
may explain observed transmission of phenotypes downstream
lineages (64). However, these mechanisms are also blurred by
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noise (63) and which may generate variability between cellular
lineages.
Genetic mutations and thermal “noise” during protein synthesis may explain variability among treated cells. However, signal
transfer downstream lineages (memory) may amplify differences
between cells. It is therefore reasonable to believe that if there was
a “reset” at each cell division in a clonal population, then there
would be less variability than presently observed. The idea that
various signal molecules can pass through the mitosis process
has general interest since such transfer from mother to daughter
cells can probably have an evolutionary advantage in avoiding the
cost of adaptation. A tendency of “listen to your mother” can, for
example, save energy of signaling and sensing as compared to a
full “reset” during mitosis.
The cost saving by avoiding “reset” at cell division may be in
terms of energy, risk of failures, and restrictions for different cellular processes. A mother cell might signalize to her daughters not
to divide to avoid high transmission of replication errors, however,
those cells may still have a function in the organism. Unresolved
replication stress inherited from a mother cell may cause her
daughters enter quiescence (53). Parental experiences from environmental stress can increase the stress sensitivity of their descen
dants requiring adjustments of their chromatin structures (65).
A main concern in cancer treatment is development of drug
resistance. Random genetic mutations may occasionally make
some cancer cells viable even under treatment and which subsequentially initiate a resistant sub-population. Another way
to drug resistance is that mother cells transfer information to
their daughters such as damaged proteins or low-level of DNA
damage and which sometimes can increase robustness in a cell
population leading to cell proliferation (53, 66). Signals from a
mother cell may, for example, help her daughters to save cost
establishing counter-measures to toxic exposure such as DNA

repair mechanisms. Cell tracking experiments may in principle
help to distinguish between these two hypotheses. Genetic
mutations are random events whereas adaptation via signaling
downstream pedigree trees is to a larger extent deterministic and
would presumably take place in several pedigree trees pretty close
in time as opposed to random mutations which would appear as
rare singular events.
Single-cell tracking analysis is therefore a powerful approach
that provide more precise analysis of rare sub-populations masked
in cancer cell populations. Transfer of information between single
cells can take place via epigenetic changes and these changes are
conserved through descendants. Data analysis derived from
single-cell tracking allow elaborating pedigree tree profiles and
discover that those profiles may vary significantly applying the
same concentration of toxin treatment. This information may
be relevant for treatment of cancer drug resistance which is a
common characteristic acquired for many types of cancer. New
technology for high-resolution observations of molecular signaling pathways is a prospective further step in this development of
methods to control cancer.

AUTHOR CONTRIBUTIONS
MK conceived the study and conducted the laboratory experiments, RK made the computer programming; both authors
analyzed the results and wrote the manuscript.

FUNDING
This study was supported by Olav Raagholt and Gerd Meidel
Raagholts legacy and Eckbos legacy. The work was also supported
by internal funding at the Norwegian University of Life Sciences
(NMBU).

REFERENCES

9. Rubiolo J, López-Alonso H, Martínez P, Millán A, Cagide E, Vieytes M,
et al. Yessotoxin induces ER-stress followed by autophagic cell death in
glioma cells mediated by mTOR and BNIP3. Cell Signal (2014) 26(2):419–32.
doi:10.1016/j.cellsig.2013.10.004
10. Fernández-Araujo A, Alfonso A, Vieytes M, Botana L. Key role of phosphodiesterase 4A (PDE4A) in autophagy triggered by yessotoxin. Toxicology (2015)
329:60–72. doi:10.1016/j.tox.2015.01.004
11. Ferron P-J, Dumazeau K, Beaulieu J-F, Le Hégarat L, Fessard V. Combined
effects of lipophilic phycotoxins (okadaic acid, azapsiracid-1 and yessotoxin)
on human intestinal cells models. Toxins (Basel) (2016) 8(2):50. doi:10.3390/
toxins8020050
12. Korsnes MS, Kolstad H, Kleiveland CR, Korsnes R, Ørmen E. Autophagic
activity in BC3H1 cells exposed to yessotoxin. Toxicol In Vitro (2016) 32:
166–80. doi:10.1016/j.tiv.2015.12.010
13. De la Rosa L, Alfonso A, Vilarino N, Vieytes MR, Yasumoto T, Botana LM.
Modulation of cytosolic calcium levels if human lymphocytes by yessotoxin, a
novel marine phycotoxin. Biochem Pharmacol (2001) 61:827–33. doi:10.1016/
S0006-2952(01)00549-4
14. Alfonso A, de la Rosa L, Vieytes MR, Yasumoto T, Botana LM. Yessotoxin,
a novel phycotoxin, activates phosphodiesterase activity: effect of yessotoxin on cAMP levels in human lymphocytes. Biochem Pharmacol (2003)
65(2):193–208. doi:10.1016/S0006-2952(02)01454-5
15. Franchini A, Marchesini E, Poletti R, Ottaviani E. Lethal and sub-lethal
yessotoxin dose-induced morpho-functional alterations in intraperitoneal
injected Swiss CD1 mice. Toxicon (2004) 44:83–90. doi:10.1016/j.toxicon.
2004.04.012

1. Skylaki S, Hilsenbeck O, Schroeder T. Challenges in long-term imaging and
quantification of single-cell dynamics. Nat Biotechnol (2016) 34(11):1137.
doi:10.1038/nbt.3713
2. Di Cesare E, Verrico A, Miele A, Giubettini M, Rovella P, Coluccia A, et al.
Mitotic cell death induction by targeting the mitotic spindle with tubulininhibitory indole derivative molecules. Oncotarget (2017) 8(12):19738.
doi:10.18632/oncotarget.14980
3. Korsnes MS, Espenes A. Yessotoxin as an apoptotic inducer. Toxicon (2011)
57(7–8):947–58. doi:10.1016/j.toxicon.2011.03.012
4. Korsnes MS. Yessotoxin as a tool to study induction of multiple cell death
pathways. Toxins (Basel) (2012) 4(7):568–79. doi:10.3390/toxins4070568
5. Leira F, Alvarez C, Vieites JM, Vieytes MR, Botana LM. Characterization of
distinct apoptotic changes induced by okadaic acid and yessotoxin in the
BE(2)-M17 neuroblastoma cell line. Toxicol In Vitro (2002) 16(1):23–31.
doi:10.1016/S0887-2333(01)00095-9
6. Malaguti C, Ciminiello P, Fattorusso E, Rossini GP. Caspase activation and
death induced by yessotoxin in HeLa cells. Toxicol In Vitro (2002) 16(4):
357–63. doi:10.1016/S0887-2333(02)00021-8
7. Korsnes MS, Hetland DL, Espenes A, Tranulis MA, Aune T. Apoptotic events
induced by yessotoxin in myoblast cell lines from rat and mouse. Toxicol
In Vitro (2006) 20(7):1077–87. doi:10.1016/j.tiv.2006.01.022
8. Korsnes MS, Espenes A, Hetland DL, Hermansen LC. Paraptosis-like
cell death induced by yessotoxin. Toxicol In Vitro (2011) 25(8):1764–70.
doi:10.1016/j.tiv.2011.09.005

Frontiers in Oncology | www.frontiersin.org

16

July 2018 | Volume 8 | Article 260

Korsnes and Korsnes

Tracking of A549 Cancer Cells

16. Malagoli D, Marchesini E, Ottaviani E. Lysosomes as the target of yessotoxin
in invertebrate and vertebrate cell lines. Toxicol Lett (2006) 167(1):75–83.
doi:10.1016/j.toxlet.2006.08.013
17. Callegari F, Rossini GP. Yessotoxin inhibits the complete degradation of
E-cadherin. Toxicology (2008) 244:133–44. doi:10.1016/j.tox.2007.11.007
18. Ronzitti G, Rossini GP. Yessotoxin induces the accumulation of altered
E-cadherin dimers that are not part of adhesive structures in intact cells.
Toxicology (2008) 244(2–3):145–56. doi:10.1016/j.tox.2007.11.008
19. Orsi CF, Colombari B, Callegari F, Todaro AM, Ardizzoni A, Rossini GP,
et al. Yessotoxin inhibits phagocytic activity of macrophages. Toxicon (2010)
55:265–73. doi:10.1016/j.toxicon.2009.07.033
20. Martín-López A, Gallardo-Rodríguez JJ, Sánchez-Mirón A, García-Camacho F,
Molina-Grima E. Cytotoxicity of yessotoxin and okadaic acid in mouse
T lymphocyte cell line EL-4. Toxicon (2012) 60(6):1049–56. doi:10.1016/j.
toxicon.2012.07.008
21. Korsnes MS, Røed SS, Tranulis MA, Espenes A, Christophersen B. Yessotoxin
triggers ribotoxic stress. Toxicol In Vitro (2014) 28(5):975–81. doi:10.1016/j.
tiv.2014.04.013
22. López AM, Rodríguez JJG, Mirón AS, Camacho FG, Grima EM.
Immunoregulatory potential of marine algal toxins yessotoxin and okadaic
acid in mouse T lymphocyte cell line EL-4. Toxicol Lett (2011) 207(2):167–72.
doi:10.1016/j.toxlet.2011.09.007
23. Korsnes MS, Korsnes R. Mitotic catastrophe in BC3H1 cells following
yessotoxin exposure. Front Cell Dev Biol (2017) 5:30. doi:10.3389/fcell.2017.
00030
24. López, L. M. B., Rancano, A. A., Vieytes, M. R., and Garcia, M. I. L. Therapeutic
Use of Yessotoxins as Human Tumor Cell Growth Inhibitors. EPO Patent
EP1875906 (2008).
25. Tobío A, Alfonso A, Madera-Salcedo I, Botana LM, Blank U. Yessotoxin,
a marine toxin, exhibits anti-allergic and anti-tumoural activities inhibi
ting melanoma tumour growth in a preclinical model. PLoS One (2016)
11(12):e0167572. doi:10.1371/journal.pone.0167572
26. Alfonso A, Vieytes MR, Botana LM. Yessotoxin, a promising therapeutic tool.
Mar Drugs (2016) 14(2):1–14. doi:10.3390/md14020030
27. Assunção J, Guedes A, Malcata FX. Biotechnological and pharmacological
applications of biotoxins and other bioactive molecules from dinoflagellates.
Mar Drugs (2017) 15(12):393. doi:10.3390/md15120393
28. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, et al.
Molecular mechanisms of cell death: recommendations of the nomenclature
committee on cell death 2018. Cell Death Differ (2018) 25(3):486–541.
doi:10.1038/s41418-017-0012-4
29. Vitale I, Senovilla L, Jemaà M, Michaud M, Galluzzi L, Kepp O, et al.
Multipolar mitosis of tetraploid cells: inhibition by p53 and dependency on
mos. EMBO J (2010) 29(7):1272–84. doi:10.1038/emboj.2010.11
30. Neelsen KJ, Zanini IM, Herrador R, Lopes M. Oncogenes induce genotoxic
stress by mitotic processing of unusual replication intermediates. J Cell Biol
(2013) 200(6):699–708. doi:10.1083/jcb.201212058
31. Gascoigne KE, Taylor SS. How do anti-mitotic drugs kill cancer cells? J Cell
Sci (2009) 122(15):2579–85. doi:10.1242/jcs.039719
32. Dry JR, Yang M, Saez-Rodriguez J. Looking beyond the cancer cell for
effective drug combinations. Genome Med (2016) 8(1):125. doi:10.1186/
s13073-016-0379-8
33. Moussy A, Cosette J, Parmentier R, da Silva C, Corre G, Richard A, et al.
Integrated time-lapse and single-cell transcription studies highlight the
variable and dynamic nature of human hematopoietic cell fate commitment.
PLoS Biol (2017) 15(7):e2001867. doi:10.1371/journal.pbio.2001867
34. Croft DR, Coleman ML, Li S, Robertson D, Sullivan T, Stewart CL, et al. Actinmyosin–based contraction is responsible for apoptotic nuclear disintegration.
J Cell Biol (2005) 168(2):245–55. doi:10.1083/jcb.200409049
35. Vanden Berghe T, Kaiser WJ, Bertrand MJ, Vandenabeele P. Molecular crosstalk between apoptosis, necroptosis, and survival signaling. Mol Cell Oncol
(2015) 2(4):e975093. doi:10.4161/23723556.2014.975093
36. Silverman BW. Density Estimation for Statistics and Data Analysis. London:
Chapman & Hall (1986).
37. Aumais JP, Williams SN, Luo W, Nishino M, Caldwell KA, Caldwell GA, et al.
Role for nudc, a dynein-associated nuclear movement protein, in mitosis and
cytokinesis. J Cell Sci (2003) 116(10):1991–2003. doi:10.1242/jcs.00412

Frontiers in Oncology | www.frontiersin.org

38. Hoffelder DR, Luo L, Burke NA, Watkins SC, Gollin SM, Saunders WS.
Resolution of anaphase bridges in cancer cells. Chromosoma (2004)
112(8):389–97. doi:10.1007/s00412-004-0284-6
39. Uetake Y, Sluder G. Cell cycle progression after cleavage failure: mammalian
somatic cells do not possess a “tetraploidy checkpoint”. J Cell Biol (2004)
165(5):609–15. doi:10.1083/jcb.200403014
40. Ganem NJ, Storchova Z, Pellman D. Tetraploidy, aneuploidy and cancer.
Curr Opin Genet Dev (2007) 17(2):157–62. doi:10.1016/j.gde.2007.02.011
41. Castedo M, Perfettini J-L, Roumier T, Valent A, Raslova H, Yakushijin K,
et al. Mitotic catastrophe constitutes a special case of apoptosis whose suppression entails aneuploidy. Oncogene (2004) 23(25):4362–70. doi:10.1038/
sj.onc.1207572
42. Vakifahmetoglu H, Olsson M, Zhivotovsky B. Death through a tragedy:
mitotic catastrophe. Cell Death Differ (2008) 15(7):1153–62. doi:10.1038/cdd.
2008.47
43. Rello-Varona S, Kepp O, Vitale I, Michaud M, Senovilla L, Jemaa M, et al.
An automated fluorescence videomicroscopy assay for the detection of
mitotic catastrophe. Cell Death Dis (2010) 1(2):e25. doi:10.1038/cddis.
2010.6
44. Portugal J, Mansilla S, Bataller M. Mechanisms of drug-induced mitotic
catastrophe in cancer cells. Curr Pharm Des (2010) 16(1):69–78. doi:10.2174/
138161210789941801
45. Cadart C, Zlotek-Zlotkiewicz E, Le Berre M, Piel M, Matthews HK.
Exploring the function of cell shape and size during mitosis. Dev Cell (2014)
29(2):159–69. doi:10.1016/j.devcel.2014.04.009
46. Lancaster OM, Le Berre M, Dimitracopoulos A, Bonazzi D, Zlotek-Zlotkiewicz E,
Picone R, et al. Mitotic rounding alters cell geometry to ensure efficient
bipolar spindle formation. Dev Cell (2013) 25(3):270–83. doi:10.1016/j.
devcel.2013.03.014
47. Chatel G, Fahrenkrog B. Nucleoporins: leaving the nuclear pore complex
for a successful mitosis. Cell Signal (2011) 23(10):1555–62. doi:10.1016/j.
cellsig.2011.05.023
48. Dauer WT, Worman HJ. The nuclear envelope as a signaling node in deve
lopment and disease. Dev Cell (2009) 17(5):626–38. doi:10.1016/j.devcel.
2009.10.016
49. Olins AL, Hoang TV, Zwerger M, Herrmann H, Zentgraf H, Noegel AA,
et al. The linc-less granulocyte nucleus. Eur J Cell Biol (2009) 88(4):203–14.
doi:10.1016/j.ejcb.2008.10.001
50. Burke B, Ellenberg J. Remodelling the walls of the nucleus. Nat Rev Mol Cell
Biol (2002) 3(7):487. doi:10.1038/nrm860
51. Tsai M-Y, Wang S, Heidinger JM, Shumaker DK, Adam SA, Goldman RD,
et al. A mitotic lamin B matrix induced by RanGTP required for spindle
assembly. Science (2006) 311(5769):1887–93. doi:10.1126/science.1122771
52. Silkworth WT, Nardi IK, Paul R, Mogilner A, Cimini D. Timing of centrosome
separation is important for accurate chromosome segregation. Mol Biol Cell
(2012) 23(3):401–11. doi:10.1091/mbc.E11-02-0095
53. Arora M, Moser J, Phadke H, Basha AA, Spencer SL. Endogenous replication
stress in mother cells leads to quiescence of daughter cells. Cell Rep (2017)
19(7):1351–64. doi:10.1016/j.celrep.2017.04.055
54. Barr AR, Cooper S, Heldt FS, Butera F, Stoy H, Mansfeld J, et al. Dna damage
during s-phase mediates the proliferation-quiescence decision in the subsequent g1 via p21 expression. Nat Commun (2017) 8:14728. doi:10.1038/
ncomms14728
55. Andor N, Graham TA, Jansen M, Xia LC, Aktipis CA, Petritsch C, et al. Pancancer analysis of the extent and consequences of intratumor heterogeneity.
Nat Med (2016) 22(1):105. doi:10.1038/nm.3984
56. Zhang X, Marjani SL, Hu Z, Weissman SM, Pan X, Wu S. Single-cell sequencing for precise cancer research: progress and prospects. Cancer Res (2016)
76(6):1305–12. doi:10.1158/0008-5472.CAN-15-1907
57. Cleary AS, Leonard TL, Gestl SA, Gunther EJ. Tumour cell heterogeneity
maintained by cooperating subclones in wnt-driven mammary cancers.
Nature (2014) 508(7494):113. doi:10.1038/nature13187
58. Riggs AD, Porter TN. Overview of epigenetic mechanisms. Cold Spring
Harbor Monogr Ser (1996) 32:29–46.
59. Francis D, Diorio J, Liu D, Meaney MJ. Nongenomic transmission across
generations of maternal behavior and stress responses in the rat. Science
(1999) 286(5442):1155–8. doi:10.1126/science.286.5442.1155

17

July 2018 | Volume 8 | Article 260

Korsnes and Korsnes

Tracking of A549 Cancer Cells

60. Zuleger N, Robson MI, Schirmer EC. The nuclear envelope as a chromatin
organizer. Nucleus (2011) 2(5):339–49. doi:10.4161/nucl.2.5.17846
61. Guan Q, Haroon S, Bravo DG, Will JL, Gasch AP. Cellular memory of acquired
stress resistance in Saccharomyces cerevisiae. Genetics (2012) 192(2):495–505.
doi:10.1534/genetics.112.143016
62. Schwanhäusser B, Wolf J, Selbach M, Busse D. Synthesis and degradation
jointly determine the responsiveness of the cellular proteome. Bioessays (2013)
35(7):597–601. doi:10.1002/bies.201300017
63. Corre G, Stockholm D, Arnaud O, Kaneko G, Viñuelas J, Yamagata Y, et al.
Stochastic fluctuations and distributed control of gene expression impact cellular memory. PLoS One (2014) 9(12):e115574. doi:10.1371/journal.pone.0115574
64. Balázsi G, van Oudenaarden A, Collins JJ. Cellular decision making and
biological noise: from microbes to mammals. Cell (2011) 144(6):910–25.
doi:10.1016/j.cell.2011.01.030
65. D’Urso A, Brickner JH. Mechanisms of epigenetic memory. Trends Genet
(2014) 30(6):230–6. doi:10.1016/j.tig.2014.04.004

Frontiers in Oncology | www.frontiersin.org

66. Erjavec N, Cvijovic M, Klipp E, Nyström T. Selective benefits of damage
partitioning in unicellular systems and its effects on aging. Proc Natl Acad
Sci U S A (2008) 105(48):18764–9. doi:10.1073/pnas.0804550105
Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
The reviewer HA and the handling Editor declared their shared affiliation.
Copyright © 2018 Korsnes and Korsnes. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

18

July 2018 | Volume 8 | Article 260

