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ABSTRACT
◥

Several phenotypes that impact the capacity of cancer cells to
survive and proliferate are dynamic. Here we used the number of
cells in colonies as an assessment of fitness and devised a novel
method called Dynamic Fitness Analysis (DynaFit) to measure
the dynamics in fitness over the course of colony formation.
DynaFit is based on the variance in growth rate of a population of
founder cells compared with the variance in growth rate of
colonies with different sizes. DynaFit revealed that cell fitness
in cancer cell lines, primary cancer cells, and fibroblasts under
unhindered growth conditions is dynamic. Key cellular mechan-
isms such as ERK signaling and cell-cycle synchronization dif-
fered significantly among cells in colonies after 2 to 4 generations
and became indistinguishable from randomly sampled cells
regarding these features. In the presence of cytotoxic agents,
colonies reduced their variance in growth rate when compared

with their founder cell, indicating a dynamic nature in the
capacity to survive and proliferate in the presence of a drug.
This finding was supported by measurable differences in DNA
damage and induction of senescence among cells of colonies. The
presence of epigenetic modulators during the formation of
colonies stabilized their fitness for at least four generations.
Collectively, these results support the understanding that cancer
cell fitness is dynamic and its modulation is a fundamental aspect
to be considered in comprehending cancer cell biology and its
response to therapeutic interventions.

Significance:Cancer cell fitness is dynamic over the course of the
formation of colonies. This dynamic behavior is mediated by
asymmetric mitosis, ERK activity, cell-cycle duration, and DNA
repair capacity in the absence or presence of a drug.

Introduction
Cancer cell heterogeneity has historically been credited to genetic

variations produced by a long and intricate evolutionary process that
occurs during tumorigenesis and response to therapy. This genetic
heterogeneity, as documented by single-cell genomics, revealed a
complexity far beyond that inferred from bulk tumor sequencing (1).
Notwithstanding, cells constantly change their phenotypic state, alter-
ing the level of proteins, the activation state of signaling pathways, and
modulation of complex processes (2–4). Asymmetric mitosis may also
contribute for phenotypic heterogeneity, as it can impact the amount
of organelles, such as mitochondria, that each cell receives after
division, and contribute to the increase in variability among genetically
identical cells (5–7).

Most assessments of genotypic or phenotypic intratumoral hetero-
geneity were performed using analyses at discrete time points, with
little information about their dynamics. When dynamic behaviors
were measured, they were restricted to the localization of single
proteins (3), activation of signaling pathways (8), or the interplay of
processes such as autophagy and senescence (2). These studies revealed
that the behavior of individual cancer cells is very dynamic, with a
stochastic component that is completely overlooked with the tradi-
tional assessment of cancer biology based on the average behavior of a
large number of cells at a defined time point. While it is challenging to
assess the relative contribution of genetic versus nongenetic causes of
intratumoral cellular heterogeneity, recent studies of single-cell RNA
sequencing demonstrated considerable variation in the transcriptomic
profile of cells organized in colonies. Part of this nongenetic hetero-
geneity stems from DNA methylation hotspots with high variability
among cells in the same colony (9, 10).

A key phenotype of a cancer cell is its fitness, measured by the
number of descendants it generates in a given time frame, both under
unhindered growth condition or in the presence of challenges, such as
a cytotoxic or cytostatic drug. In cancer, cell fitness can be considered
as an integrative phenotype, as it represents themost important trait of
a cancer cell, being alive and leaving descendants (11, 12). Although
measuring fitness is commonly performed by counting the number of
descendants of a given cell, interpreting its fluctuations with regards to
time or cell division is more complex, because measuring fitness
requires at least one complete cell cycle. In addition, if fitness is below
the cell’s survival threshold, the cell will die and thus no further
information can be collected from this specific cell or its descendants,
impeding the assessment of the dynamics in fitness. To overcome these
limitations, we developed the Dynamic Fitness Analysis (DynaFit)
method for quantification of fitness dynamics, and applied it to a
variety of cell culture scenarios. We found that after a few generations,
colonies becamemore similar to each other when compared with their
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founder cells in relation to fitness. Analysis of ERK signaling, cell-cycle
synchrony, DNAdamage, and senescent phenotypes indicated that the
low variance among colonies is due to a gradual increase in hetero-
geneity of the cells composing these colonies regarding the above-
mentioned phenotypes.

Materials and Methods
Fitness of colonies

Cells were plated at a density of 32 cells per cm2, the number of cells
per colony was countedmanually at three different time points and the
identity of the colony was determined by its location. Colonies of the
same or similar size were grouped and the variance of these colonies
was calculated. A minimum of 20 colonies was used per group when
calculating variance (Supplementary Fig. S1A–S1C). The value 0.5 was
used to denote total elimination of a colony to avoid undefined log
values. Cell lines used were A172, U251, MCF7 from the ATCC. U251
was STR validated in October 2018 by the Banco de C�elulas do Rio de
Janeiro. Primary cells were obtained as described previously (13, 14).
All cells were routinely tested for Mycoplasma using the MycoAlert
Mycoplasma Detection Kit (Lonza).

DynaFit Implementations
We implemented DynaFit using two different analytic strategies: an

application that estimates the growth rate (GR) variance by boot-
strapping each colony size (CS) group (Supplementary Fig. S2A–S2C),
and a web application that selects a generalized additive model for
location, scale, and shape (GAMLSS; ref. 15) that best fits the data for
predicting the GR variance (Supplementary Fig. S2D and S2E). The
statistical bootstrap is performed through a desktop interface
written in Python (http://www.ufrgs.br/labsinal/dynafit/). The code
is made freely available at https://github.com/jfaccioni/dynafit.
The predictive modeling is performed through an R Shiny web
application (https://paulabracco.shinyapps.io/Rapp/). A detailed
description of their functionality and use is given in the Supple-
mentary Material and Methods file. The rationale is also explained
in Supplementary Video S1 and the implementation of DynaFit is
shown in Supplementary Video S2.

Fitness of sister cells
To perform the fitness analysis, cells were plated at low density at

day 0 and at day 1. If applicable, temozolomide (Sigma-Aldrich) was
added after 24 hours at 6.25 mmol/L, for 3 hours. Cells were imaged
every 12 hours for 8 days and the number of descendants alive for each
sister cell was counted and plotted on the y-axis in base log2 scale. The
area between curves (ABC) was used to measure the difference in
fitness of sister cells. ABC between sister cells was compared with H0

(cells with the same fitness) and with H1, in which the nonrelated cells
were randomly paired.

Live-cell tracking
Live cell measurement of ERK activity was performed using

A172 glioma cells stably expressing ERK-KTR fluorescent report-
er (16) and the nuclear marker Apple-53BP1trunc (17) via lentiviral
transduction (18). DNA damage was measured by counting nuclear
foci of Apple-53BP1trunc. Cell-cycle synchronization analysis
was performed with FastFUCCI (Supplementary Fig. S3A–S3D)
and the tagging of the endogenous locus of Ki67 was done with YFP
using Cas9 (Supplementary Fig. S4; ref. 19). Details of these
procedures are provided in the Supplementary Materials and
Methods file.

DNA damage and nuclear morphometric analysis
Cells expressing 53BP1truncApple were plated at low density,

imaged for red fluorescence to assess 53BP1 foci and nuclear mor-
phometry (20) in colonies prior to and after treatment with 50 mmol/L
temozolomide for 3 days.

Results
Variance in colony growth rate indicates that fitness is dynamic

DynaFit is based on the fitness variance of single cells and their
descendants organized in colonies. Individual cells originated from a
heterogeneous population will have different growth rates (GR) with a
given variance s0

2. If the GR of the founder cell is copied to all cells in
the colony, then the GR variance across colonies ðs2Þ will be equal to
s0

2. (Fig. 1A and B). In a colony variance plot (CVP), formed by the
log2 values of the variance inGR versus the log2 of colony size (CS), this
will produce a straight line with no inclination at the log2 value of s0

2.
This scenario of total fitness conservation was named the null hypoth-
esis (H0, Fig. 1C, red line).

The alternative hypothesis (H1) of this rationale is given by the
variability among groups of randomly sampled individuals from the
same population. In this case, the variance among the groups will have
an inclination of minus one and an intercept in the CVP according to
Eq. (A) (for more details, refer to the Supplementary Materials and
Methods file):

log2 s2� � ¼ �log2 CSð Þ þ log2 s0
2� � ðAÞ

GR variance from actual colonies will be located between these two
lines of the CVP and the distance of this variance to the two
hypothetical scenarios will indicate the degree of fitness conservation
for a given CS (Fig. 1C, black dot).

To perform DynaFit, cells were plated at low density and allowed to
form colonies of different sizes for 3 to 7 days. At this point, colonies
were imaged and the number of cells in the colonies was counted
producing colony size 1 (CS1). Colonies were grown for another
3 days, imaged to produce CS2 and then grown for a further 3 to
5 days to produce CS3 (Fig. 1D). All colonies were assumed to have
started from a single cell (CS0) and the colony identity was obtained
from its location. CS1, CS2, and CS3 were used to calculate GR1, GR2,
and GR3 according to Eq. B.

GRi ¼ log2 CSið Þ � log2 CSi�1ð Þ
days

ðBÞ

To obtain empirical distributions for the variances in the different
CS, GR values in each CS were bootstrapped and the variance was
calculated at each repeat. The average variance and is standard
deviation for each CS was used to generate the CVP.

For the U251 glioma cell line, the CVP for GR2 produced a gradual
reduction in variance, which was positioned between H0 and H1

(Fig. 1E). Because the relative distance from these two hypotheses is
the key information to be analyzed, a hypothesis plot (HP) was
produced, that measures the relative distance of the experimental data
to these contrasting scenarios. This can be done either by measuring
the vertical distance at a specific CS (end-point HP) or the relative area
from CS0 to a specific CS (cumulative; Fig. 1F). The HP of the
U251 glioma shows that variance of GR of colonies gradually reduces
with the increase in CS, reaching about 40% of the distance betweenH0

andH1 after three generations and thereafter remaining at this level for
up to 6 generations (Fig 1E and F). GR1, GR2, and GR3 of U251
colonies did not correlate, in line with the low conservation of GRs
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Figure 1.

Degree of fitness dynamics. A,
High conservation of fitness will
preserve the differences of the
founder cells even among large
colonies, whereas a small conser-
vation will turn the growth rate of
colonies similar. B, Variance in GR
will remain high if fitness is con-
served with an increase in colony
size, whereas variance will reduce
with the colony size if fitness is not
conserved. C, CVP of conserved
fitness (red) or randomly grouped
cells in different group sizes (blue).
Black dot represents the putative
GR variance of colonies with initial
colony size (CS) of 4. D, Cells were
plated at low density and imaged
at different time points to produce
colony size CS1, CS2, and CS3,
which were used to determine
growth rates GR1, GR2, and GR3.
GRs of colonies with the same ini-
tial number of cells were grouped
to calculate the variance. E, CVP
produced by bootstrapping the
GR of colonies with similar number
of cells of the glioma cell line
U251 compared with the hypothet-
ical lines of randomly sampled
group of cells (blue) and colonies
in which all cells retain the GR of
their founder cell (red). Shades
are the 95% confidence interval.
F, Hypothesis plot of the relative
distance of thedata toH0at a given
point (top) or cumulative (bot-
tom). G–J, CVP of a breast cancer
cell line (G), CVP of a primary fibro-
blast culture (H), CVP of a primary
GBM (I), and paired final popula-
tion size of the growth of a popu-
lation of cells under static versus
dynamic fitness for 20 generations
(J). Simulation parameters were
derived from the CVP of the pri-
mary GBM cell culture. A detailed
description of the simulation is
provided in the Supplementary
Materials and Methods.
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indicated by DynaFit (Supplementary Fig. S5A and S5B). The
average GR of colonies followed a straight logarithmic growth and
was not dependent on the initial colony size, except for colony size 1
and 2 (Supplementary Fig. S5C and S5D). The Allee effect, in
which large populations have a fitness advantage in relation to
small populations, is well known in evolutionary biology and was
shown to occur also in cancer cells (21). This was not observed in
our assay, because our data indicate that the GR of cells at low
density used for the DynaFit experiments was larger than at high
density (Supplementary Fig. S5E). CVP of GFP-tagged cells in the
presence of a 100-fold excess unlabeled cells also indicated no
difference in the dynamics of variance reduction, despite a reduced
overall variance of the cloned GFP-tagged cells (Supplementary
Fig. S5F and S5G).

Fitness was also dynamic in a primary culture of glioblastoma (13),
another glioma cell line (A172; Supplementary Fig. S5F), in a breast
cancer cell line (MCF7) and in a primary fibroblast culture (Fig. 1G–I;
ref. 14). The reduction in GR variance with colony size was quite
different among cell types, with no indication that the dynamic in
fitness is a cancer-exclusive phenotype.

Evolutionary biologists have long recognized that the fitness of
organisms is not static due to the biology of the organisms or
fluctuations in the environment. In a classic work, Lewontin and
Cohen showed that dynamic fitness leads to a smaller population
growth than static fitness with the exact same average fitness (22). We
simulated a populational growth model using the average growth rate
of the primary GBM cell line with the maximum and minimum
variance observed with DynaFit. These data confirmed that a static
fitness produced, after only 20 generations, larger population sizes
than the dynamic fitness, indicating the impact of the dynamics in
fitness in cancer cell populations (Fig. 1J).

Phenotype conservation during mitosis
To determine the origin of the dynamics in fitness, wemeasured the

conservation, in sister cells, of phenotypes that play important roles in
cancer cell fitness. For cells, the H0 represents equal sister cells and H1

applies to the absence of phenotype conservation, when sister cells are
as different as unrelated cells (Fig. 2A).

The above rationale was applied to ERK signaling, as it is an
important regulator of cell division and can be used as an indicator

Figure 2.

Degree of mitotic heritability of key phenotypes. A, Null hypothesis (H0) represents perfectly identical cells in regard to a measurable characteristic, and alternative
hypothesis (H1) are unrelated cells.B,ERKactivity in live cellswasmeasuredusingKTR.C,Differences in ERKactivity of sister cells, colonies of four cells, andunrelated
cells of the A172 glioma cell line. Mean� SD, Student t test. D, For each sister cell, the number of descendant cells was counted each day and the area between the
curves (ABC)was used tomeasure thedifference infitness of sister cells.E,Sister cells of theA172 gliomacell linewere accompanied for 8days and theABCsof sisters
and unrelated cells are shown. Mean � SD, Student t test.
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of cell fitness. A significant difference in live ERK activity in sister cells,
measured with a kinase translocator reporter (KTR; Fig. 2B; ref. 16),
was observed over the first 10 hours after mitosis, therefore rejecting
H0. However, the difference between randomly assembled pairs from
the same population of cells was higher than the difference in sister
cells, indicating that some information is carried over from themother
to the two daughter cells regarding ERK activity. When colonies of 4
cells were analyzed, it was not possible to statistically distinguish them
from randomly assembled quartets, based on the level of ERK activity
alone (Fig. 2C).

To measure whether cell fitness is inherited, we counted the
descendants of pairs of sister cells and quantified the ABC of the two
family trees (Fig. 2D). The average ABC of sister cells was statistically

different from H0, but lower than the ABC of unrelated cells from the
same population of cells (H1; Fig. 2E). These data show that sister cells
are different from each other in relation to ERK activity and fitness,
suggesting that asymmetric mitosis is a keymechanism of the dynamic
of fitness observed with DynaFit.

Dynamic of loss of cell-cycle synchronization in colonies
If mitosis is asymmetric, then how many generations would be

required for cells in a colony to become as heterogeneous as an
unrelated group of cells (Fig. 3A)? To answer this question, we stably
transduced U251 glioma cells with the FastFUCCI cell-cycle indica-
tor (23) and imaged colonies of different sizes. The degree of desyn-
chronization was measured as follows: the expected distribution of

Figure 3.

Dynamic of cell-cycle synchrony in colonies. A, H0 and H1 applied to cells in colonies – for H0, all cells in the colony will be equal to its founder cell and, for H1, cells will
change with division or time until they are indistinguishable from randomly sampled group of cells. B, U251 glioma cells stably expressing the FastFUCCI cell-cycle
indicatorweregrownandphotographed in colonies, and the timebetween the leading and lagging cell of the colonieswas estimatedon thebasis of thedistributionof
green and nongreen cells in the colonies. C, U251 glioma cells in which YFP was inserted in the endogenous loci of Ki67 using CRISPR-Cas9. Intensity of green
fluorescence was used as an indicator of the cell-cycle position. D, Time between leading and lagging cell based on the FastFUCCI system (black) and endogenous
Ki67-YFP fluorescence (green) in relation to the size of the colony. Numbers indicate the colony cell number in log2 scale that produced half of themaximal observed
desynchronization. E and F, Number of 53BP1 foci per cell (E) and coefficient of variation of foci per cell (F) in relation to the number of cells in the colony.
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green (G2 and M) and non-green (G1 and S) cells was predicted for
different desynchronization levels, and the experimental data were
then fitted to this distribution (Fig. 3B; Supplementary Fig. S3A–
S3D). In addition, we also inserted a fluorescent tag in the endog-
enous locus of the cell-cycle indicator Ki67 (19) and measured the
fluorescence of cells in colonies of different sizes (Supplementary
Materials and Methods). The Ki67-induced fluorescence peaks at M
phase, reduces gradually to a minimum before S-phase entry and
thereafter gradually increasing again (Fig. 3C; ref. 24). The differ-
ence in fluorescence between the cell with the lowest and highest
fluorescence intensity in a colony also indicates the degree of
desynchronization.

Both experimental approaches produced a dose–response–like
curve of the desynchronization versus the size of the colony. As
expected from the accumulation of asymmetric mitoses, the larger
the colony, the farther away a given cell is, on average, from
the last common ancestral and therefore the more desynchronized
it is. The degree of cell-cycle desynchronization reached half
maximum at colony size 3.8 for FastFUCCI and 3.5 for Ki67-YFP.
Because a log2 scale was used, half the maximal desynchronization
of cell cycle was observed between 3 to 4 generations (Fig. 3D). This
gradual reduction in cell-cycle synchrony agrees with the reduction
in GR conservation observed with DynaFit (Fig. 1E and F), in which
the maximal distance from H0 was reached after about three
generations.

DNA damage and repair are also key components of cell fitness.
To measure DNA damage in live cells, cells were transduced with
the DNA damage indicator 53BP1trunc-Apple (17) and cells in
colonies were imaged. Untreated A172 glioma cells displayed an
average of 1.8 foci of 53BP1 per nucleus, indicating a low basal DNA
damage. The number of foci did not correlate with the size of the
colony (Fig. 3E). However, when the variation among the cells in
colonies was analyzed, cells in larger colonies were more varied than
in smaller colonies (Fig. 3F). In line with the DynaFit data and the
cell-cycle desynchronization, this result also indicates that with cell
division, cells in colonies become gradually more varied also in the
basal DNA damage level.

Capacity to survive to a chemotherapeutic agent is dynamic
Fractional killing is a prevalent feature of cancer cells in response to

drugs or radiation (3), but little is known about this effect in closely
related cells found in colonies. According to the H0 hypothesis, no
fractional killing would be observed in colonies, as conservation of
phenotype would lead to a homogeneous response according to the
tolerance level of the founding cell. In the H1 scenario, colonies would
gradually undergo more and more fractional killing as colony size
increases (Fig. 4A).

Colonies of different size of glioma cells were exposed to temozo-
lomide, the standard therapy for this type of tumor. We previously
characterized the response of gliomas over several days to levels of
temozolomide found in the plasma of patients, thus more closely
mimicking clinically relevant conditions (12). Challenging colonies of
U251 glioma cells for 3 dayswith 50mmol/L of temozolomide (Fig. 4B)
produced a reduction in the average GR during (GR2) and after (GR3)
the presence of temozolomide (Fig. 4C; Supplementary Fig. S6A and
S6B), as cells have chronic responses to this alkylating agent (2, 12).
Interestingly, a low correlation was found between the three measured
GRs of individual colonies, indicating that the GR prior to or during
temozolomide can not predict the GR in the following period
(Fig. 4D). In addition, selection of colonies with specific growth rates
during temozolomide did not predict outcome after temozolomide,

and the variance in GR3 of colonies with specific GR2was very similar,
indicating the low conservation of fitness in the colonies (Fig. 4E).

The CVP of cells treated with temozolomide showed a steep
reduction in variance with colony size, more than the reduction
observed in untreated cells (Fig. 4F). This comparison also evidenced
that small colonies were much more diverse in terms of fitness in the
presence of temozolomide than in its absence. The presence of cell
death amplified the range of GRs observed in the presence of temo-
zolomide, which can be one of the processes responsible for this
increase in variance upon treatment when compared with untreated
colonies (Supplementary Fig S6C and S6D).Notwithstanding, increase
in colony size made treated colonies as similar to each other as were
colonies in the untreated condition. This indicates that the processes
activated by temozolomide (2, 12) fluctuate in cells during the for-
mation of colonies and contribute to homogenize the response of
larger colonies despite the great variance of the individual cells and
small colonies.

As temozolomide activates chronic cellular processes that are
different from the acute processes (2, 12), the CVP of GR3, (after
temozolomide withdrawal), in relation to CS1 was also analyzed. The
reduction in variance in GR3 occurred in larger colonies and was
smaller when compared with GR2 or even to the untreated condition
(Fig. 4G). While colonies with 4 (22) cells had a high variance both in
GR2 and GR3, colonies with 16 cells (24) had a low variance in GR2
while still having a high variance in GR3. On the other hand, larger
colonies presented low variance for both GR2 and GR3 (Fig. 4H),
reinforcing that variance reduction occurs at lower colony sizes for
GR2 in comparison with GR3.

Variance is treatment specific, as the same cell line treated with
cisplatin had a much lower reduction in variance when compared
with treatment with temozolomide. Higher concentrations of cis-
platin eventually lead to CVP without a reduction in variance
(Supplementary Fig. S6E–S6G), indicating that extremely high
toxicity decreased the variance reduction in colonies. A different
glioma cell line (A172) also had a reduction in variance in the
presence of temozolomide, but this was smaller when compared
with the U251 cell line (Fig. 4I).

Dynamic in the response of cells to temozolomide
In previous reports from our group, we showed that temozolomide

induces several effects on cells that can impact their survival, including
DNA damage, apoptosis, autophagy, necrosis, cell-cycle arrest, and
senescence (2, 12).Noteworthy is the large variability in autophagy and
senescence induction in single cells after temozolomide (2). To
determine the degree of variance in DNA damage and senescence
induction among related cells (Fig. 5A), 53BP1trunc-Apple–
transduced cells were treated with 50 mmol/L temozolomide and cells
in colonies were imaged after treatment. The number of foci observed
in treated cells was higher (Fig 5B, top) when comparedwith untreated
cells (Fig. 3E), but did not vary with respect to colony size. However,
the coefficient of variation of foci among cells fromcolonies of different
size increased with the number of cells in the colony, both right after
temozolomide (CS2) or 3 days after drug withdrawal (CS3; Fig 5B,
bottom).As theCVPmeasures dynamics infitness but notfitness itself,
no correlation was observed between the GRs and the reduction in
variance for GR2 or GR3 (Supplementary Fig. S7A–S7D).

One important process activated by temozolomide is the induction
of senescence (2, 12), that can be accompanied through the increase in
nuclear area, which correlates with the b-galactosidase staining and
p21 expression (20). A172 andU251 cells showed a gradual increase in
nuclear size after treatment with 50 mmol/L temozolomide, which
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largely returned to normal after 10 days (Fig. 5C). This increase in
nuclear size was also observed in colonies during and after the
presence of temozolomide (Fig. 5D). Most interestingly, the larger
the colony, the bigger was the heterogeneity in nuclear size of the
cells in the colony after the presence of temozolomide, indicating
that the heterogeneity in cell-cycle synchronization and DNA repair
capacity, among other features, led to a heterogeneous senescence
induction in colonies (Fig. 5D).

Ultimately, what matters in cancer cell response to therapy is
whether cells survive in the presence of a drug. Sister cells were
different from each other and they were not different from pair of
cells randomly picked from the population regarding to the number of

cells alive (Fig. 5E), supporting the fast change in fitness observed in
the DynaFit data.

Impact of the dynamics of fitness for cancer biology and
therapy

To alter the dynamics uncovered withDynaFit, we tested the impact
of the presence of several epigenetic modulators during the formation
of the colonies in the dynamic of fitness (Fig. 6A). The histone
deacetylase (HDAC) inhibitor suberoylanilide hydroxamic acid (Saha)
or the DNAmethyltransferase (DNMT) inhibitor 5-azacytidine (Aza)
alone or in combination did not change theGRduring the formation of
colonies, but increased the toxicity of temozolomide, especially when

Figure 4.

Dynamics of cell fitness in the presence of a
cancer drug. A, Colonies may respond
homogeneously (H0) or heterogeneously
(H1) to treatment. B, Treatment scheme and
indications of the analysis of variance of GR2
or GR3 in relation to CS1. C, GR of individual
colonies treated during GR2 (red, average�
SD for TMZ; green, untreated). D, Pairwise
correlation between GR values in
U251 glioma colonies (top) and GR of the
individual colonies before (GR1), during
(GR2), and after (GR3) the presence of 50
mmol/L of TMZ. E, GR of colonies with a
negative (upper), neutral (middle), or pos-
itive (bottom)GR2and their variance inGR3.
F and G, CVP of GR2 (F) and CVP of GR3 (G)
in U251 glioma cells in relation to the number
of cells in the colony at the beginning of
treatment (CS1). Green, CVP of the same cell
line without treatment. H, GR2 and GR3 of
colonies with the indicated number of cells
at the beginning of treatment. I, CVP of
A172 glioma cells during temozolomide
(TMZ; GR2) in relation to CS1 in comparison
with the CVP of the same cell line without
treatment (green).
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Figure 5.

Dynamic in cell processes activatedby temozolomide.A,Heterogeneity inDNAdamageand senescence inductionwas accessed through 53BP1 foci andnuclear area.
B, Average (top) and coefficient of variation (bottom) in DNA damage of individual cells from colonies at CS2 and CS3 expressed by the number of 53BP1 foci per
nuclei.C,Dynamic of senescence induction indicated by the increase in nuclear area in glioma cells lines treatedwith 50mmol/L of temozolomide (TMZ) fromday0 to
5 and then maintained in drug-free media. D, Left, nuclear area and nuclear irregularity index (NII) of cells from an individual colony of U251 cell prior (CS1),
immediately after (CS2), and 3 days after 50 mmol/L temozolomide (CS3). Numbers indicate the coefficient of variation (CV) of nuclear area and NII. Right, average
nuclear area (top) and average CV of nuclear area from cells from colonies at CS1, CS2, and CS3. � , P < 0.05; �� , P < 0.001 with Student t test. E, ABC of the fitness of
A172 sister cells treated with 6 mmol/L temozolomide in comparison with equal (H0) and unrelated cells (H1). NS, not significant.

Cancer Cell Fitness Is Dynamic

AACRJournals.org Cancer Res; 81(4) February 15, 2021 1047

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/4/1040/2811249/1040.pdf by guest on 19 M

ay 2023



added together (Fig. 6B). Colonies formed in the presence of Saha plus
Aza responded to temozolomide with a variance that was similar to the
variance of individual cells (Fig. 6C), indicating that the amplitude of
fitness observed in single cells wasmaintained in colonies up to 20 cells.
This was not observed for the single treatment of Aza or Saha
(Fig. 6D).

Colonies treated only with temozolomide ranged from zero tomore
than 256 cells, while the largest colony in the ShAz (Saha þ Aza)
temozolomide group had 56 cells (Fig. 6E). Most importantly, the
number of cells in the colonies totally killed by temozolomide was 6
cells, whereas in the ShAz temozolomide group, up to 20% of colonies
as large as 28 cells were completely eliminated (Fig. 6F). This indicates

Figure 6.

Dynamic in cell fitness can be modulated and impact fractional killings. A, Treatment schedule and analysis performed. B, GR prior, during, and after temozolomide
(TMZ; 50 mmol/L) addition in the absence or presence of Aza (3 mmol/L) and/or Saha (0.5 mmol/L). Significance in relation to temozolomide alone: One-wayANOVA
with Sidak multiple comparation test. � , P < 0.05; ��� , P < 0.001; ���� , P < 0.0001; ns, not significant. C and D, CVP of colonies pretreated with Sahaþ Aza during the
formation of the colonies and then treatedwith temozolomide, comparedwith temozolomide alone (C) and cumulative hypothesis plot of U251 cells (D) treated as in
with Aza, Saha, or its combination prior to temozolomide. E,Distribution of the number of cells in CS 2when colonieswere formed in the presence or not of Saha and
Aza and then treated with temozolomide (inset). F, CS1 of the colonies completely eliminated during GR2 (CS1K2).
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that epigeneticmodulators can alter the dynamics in fitness and reduce
fractional killings in response to temozolomide, which means that the
temozolomide-sensitive phenotype was copied to all cells in a colony
for about five generations.

Discussion
Recent techniques that allow the live tracking of signaling path-

ways and complex cell processes have revealed the magnitude of
single-cell dynamics in almost all processes amenable to live cell
tracking. Notwithstanding, populational stability is obtained largely
by the average behavior of billions of cells in tissues. If the behavior
of the whole tissue is the focus, then measuring the average behavior
of cells is acceptable or even desirable. However, when the behavior
of single cells is key, as is the case in cancer, then the dynamics
of individual cells must be considered, especially in resistance
to therapy.

Signaling pathways are intrinsically dynamic due to the half-life in
the order of seconds to a few minutes for the posttranslational
modifications that control signaling components, such as phosphor-
ylation (25), and of hours for the protein turnover (26). We showed
that sister cells are more similar than unrelated cells when considering
ERK activity. This similarity, however, is lost after a second division, as
cells in colonies of 4 are as different regarding ERK activity as are
unrelated cells, in line with the dynamics observed in single cells of
signaling pathways such as ERK, Akt, NFkB, and p53 (3, 16).

The most important aspect of cancer cell therapy is its fitness, given
by the number of cells that remain alive after treatment. Therefore,
focusing on cell fitness and their dynamics is a central point of the
present work. Sister cells have distinct fitness but are still more similar
to each other than unrelated cells, as fundamental processes for fitness,
such as cell-cycle duration, require between 3 to 4 generations to reach
half the maximum variation. Others have shown that the cell-cycle
duration is poorly copied frommother to daughter cells (27), but sister
cells have some correlation between themselves, which may be
explained by the fact that the decision of the duration of G1 is taken
before division and is thus similar in sister cells. However, the level of
the proteins responsible for the next decision point changes indepen-
dently in the sister cells to produce different decisions for the cousin
cells (27, 28). Analysis of the expression of a few genes in live cells
indicated that sister cells are more similar than nonrelated cells in the
levels and dynamics of expression of these genes. Notwithstanding,
during the progression of the cell cycle, sister cells gradually lose their
similarity depending on the analyzed gene, indicating some gene-
specific transcriptional memory with distinct dynamics (29).

Transcriptome and epigenome analysis of colonies with 10 to
16 generations indicated that cells have multigenerational fluctuations
in the mRNA levels of most genes, and these fluctuations have a
nongenetical origin. A minority of genes have a heritable expression,
but these genes are different among cell lines (10). An analysis of the
methylation status pointed to the existence of genes with dynamic and
others with static methylation, indicating that the control of the DNA
methylation machinery can impact the stability of transcription of
some, but not all genes (9). Several genes were described that can
individually have a large impact on cell fitness (30) and thus the
dynamic expression of one or a few genes may suffice to produce
variation in the fitness of cells in colonies and thus contribute to
fractional killings. In line with these findings, the inhibition ofDNMTs
and HDACs stabilized the dynamics in fitness for up to five genera-
tions, allowing the copy of the temozolomide-sensitive phenotype to
all cells in the colony and reducing fractional killing, generally thought

as a process that contributes to cancer drug resistance (31). The
combination of Saha and Aza was shown to reduce pancreatic tumor
growth in model animals (32); however, the contribution of direct
toxicity, alteration in dynamics of fitness and fractional killings is still
unknown. It is unlikely however, that DNA methylation and histone
acetylation are the only mechanisms affecting the dynamics in fitness,
as the integration of internal mechanisms with signals from the tumor
microenvironment may produce complex interactions, as has been
shown for the dynamics in TNF and the oscillation of NFkB and the
ultimate biological outcome (33).

The most reliable measurement of fitness is the direct counting of
the number of descendants of a cell after a time frame that exceeds the
duration of one cell cycle. Most importantly, a cell whose fitness is
below the survival threshold is killed and therefore no further infor-
mation can be obtained from this cell or their (nonexisting) descen-
dants. To overcome these constraints, we proposed the DynaFit
method that uses the variance of single cells and colonies of different
sizes to determine whether this characteristic is copied to all cells
homogeneously or heterogeneously. Although the experimental
design is based on the classical Luria-Delbr€uck assay (34), DynaFit
has a different statistical rationale and considers that changes are
reversible. It is important to bear in mind that DynaFit is based on
variance and is therefore particularly sensitive to measurement errors,
as a single outlier produces a large increase in variance. To reduce this
risk, afilterwas added to the bootstrapping app to exclude outliers (35).
Careful revision of microscopy images and cell count results is highly
recommended. Furthermore, becauseDynaFit is a statisticalmethod at
its core, small sample sizes for CS groupsmay lead to unreliable results.
Notwithstanding, amethod for evaluating fitness dynamics in colonies
across different conditions, especially in response to drugs, is of great
value for cell and cancer biology, and may contribute to better
understand the several nongenetic resistance mechanisms proposed
in recent years (36).

Applying DynaFit to different cell types showed a reduction of the
maximal variance of GR of colonies in around three generations, that
is, colonies of 8 cells. This reduction in variance occupied between 19%
to 46% of the area formed by the H0 line and the H1 line. The
observation that untreated normal cells have a behavior similar to
cancer cells is an indication that fitness dynamics is a characteristic of
cells in general rather than a feature selected by the cancer cells
analyzed here, in line with the high dynamics observed in several
cellular processes innormal eukaryotic andprokaryotic cells (3, 28, 37).
As with several other features, normal tissues, despite formed by
dynamic cells, average out these features to produce a population
with a stable behavior.

In the presence of clinically relevant concentrations of temozolo-
mide, colonies of glioma cells reduced its GR variation as the colony
size increased, and this reduction in variance was lower after drug
removal. This indicates that the capacity of surviving in the presence of
temozolomide is highly dynamic, but also that the processes activated
in the surviving cell and that are responsible for the long-term response
to temozolomide are less dynamic. Remarkably, cell dynamics are cell
type and treatment specific, indicating that it they are governed by the
characteristics of the cells and impacted by the different mechanisms
induced by diverse treatments.

Among the cell phenotypes activated by temozolomide, DNA
damage response and nuclear area increase, a proxy for senescence
induction, were different among the cells in colonies, in line with
the large heterogeneity in senescence induction by cytotoxic
drugs observed in several cancer cell types (38). This finding adds
to the fractional killing concept that cells respond differently to
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chemotherapeutic drugs by indicating that different responses in
terms of DNA damage and senescence induction can occur even in
closely related cells.

It is difficult to assess howmuch of the resistance to therapy is due to
stable genetic alterations that activate diverse mechanisms of resis-
tance or due to dynamic tolerance mechanisms (39). However, chang-
ing the paradigm of the nature of cancer cell tolerance to therapy from
static to dynamicwill be key in understanding cancer cell tolerance and
resistance and to design better drug combinations and treatment
schedules (40) to reduce or even eliminate the probability of survival
of outlier cells and lead to resistance.
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reports grants from Coordenaçço de Aperfeiçoamento de Pessoal de Nível Superior
CAPES during the conduct of the study. T.Monteiro reports grants fromCNPqduring
the conduct of the study andgrants fromCNPqoutside the submittedwork. C.N. Santo
reports grants from CAPES during the conduct of the study. J.C. Marcolin reports
grants from CNPq during the conduct of the study and grants from CNPq outside the
submitted work. S.M. Callegari-Jaques reports submission, with colleagues, a patent
about measuring and analyzing nuclear morphology, as described in ref. 20 of the
manuscript, to the pertinent Brazilian agency. A.O. Silva reports grants from CAPES
and grants from CNPq during the conduct of the study, grants from CAPES, and
personal fees fromFaculdadeEst�acio doRioGrandedoSul outside the submittedwork.
G.R. Onzi reports grants from CAPES/FAPERGS during the conduct of the study and
grants from CAPES/FAPERGS outside the submitted work; in addition, G.R. Onzi

has a patent for COMPOSTOS, USO DE COMPOSTOS NA PREPARA�E€AO DE

UMA COMPOSI�E€AO FARMAC€EUTICA E COMPOSI�E€AO FARMAC€EUTICA
COMPREENDENDO 7,11B-DIHYDRO-6H-INDENO[2,1-C]CHROMENE-3,6A,9,

10-TETROL, SEUS DERIVADOS OU AN�ALOGOS, NEUTROS OU IONIZADOS,

PARA PREVEN�E€AO E/OU TERAPIA SENOL�ITICA pending to INPI - Brazil. K.R.
Begnini reports grants from CAPES during the conduct of the study and grants from
CAPESoutside the submittedwork; in addition,K.R.Begnini has a patent forUtilizaç~ao
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