bioRxiv preprint doi: https://doi.org/10.1101/152728; this version posted August 22, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Cadart et al. Draft

Size control in mammalian cells involves modulation of both growth rate and cell cycle duration

Authors:

Clotilde Cadart'?2, Sylvain Monnier®3, Jacopo Grilli*, Rafaele Attial2, Emmanuel Terriac'®, Buzz Baum®’,
Marco Cosentino-Lagomarsino®%1%5 Matthieu Piel*%

Affiliations :

Lnstitut Curie, PSL Research University, CNRS, UMR 144, F-75005, Paris, France

2 Institut Pierre-Gilles de Gennes, PSL Research University, F-75005, Paris, France

3 Univ. Lyon, Université Claude Bernard Lyon 1, CNRS, Institut Lumiére Matiére, F-69622,
Villeurbanne, France

4 Department of Ecology and Evolution, University of Chicago, 1101 E 57th Street, Chicago, lllinois
60637, USA

5 Current address: INM-Leibniz Institute for New Materials, Campus D2 2, 66123 Saarbriicken, German
6 MRC Laboratory for Molecular Cell Biology, UCL, London, United Kingdom

7 Institute of Physics of Living Systems, UCL, London, United Kingdom

8 Sorbonne Universités, Université Pierre et Marie Curie, Paris, France

9 CNRS, UMR 7238 Computational and Quantitative Biology, Paris, France

0 FIRC Institute of Molecular Oncology (IFOM), Milan, Italy

§ Correspondence should be sent to: marco.cosentino-lagomarsino@upmc.fr and
matthieu.piel@curie.fr (lead contact)



mailto:marco.cosentino-lagomarsino@upmc.fr
mailto:matthieu.piel@curie.fr
https://doi.org/10.1101/152728

bioRxiv preprint doi: https://doi.org/10.1101/152728; this version posted August 22, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Cadart et al. Draft

Summary

Despite decades of research, it remains unclear how mammalian cell growth varies with cell
size and across the cell division cycle to maintain size control. Answers have been limited by
the difficulty of directly measuring growth at the single cell level. Here we report direct
measurement of single cell volumes over complete cell division cycles. The volume added
across the cell cycle was independent of cell birth size, a size homeostasis behavior called
“adder”. Single-cell growth curves revealed that the homeostatic behavior relied on adaptation
of G1 duration as well as growth rate modulations. We developed a general mathematical
framework that characterizes size homeostasis behaviors. Applying it on datasets ranging
from bacteria to mammalian cells revealed that a near-adder is the most common type of size
control, but only mammalian cells achieve it using modulation of both cell growth rate and
cell-cycle progression.
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Introduction

While there is little consensus about the way mammalian cells control their size (Lloyd 2013; Ginzberg
et al. 2015), studies of single-celled yeast and bacteria led to clearer picture. Cells achieve size
homeostasis by adapting the amount of growth produced during a cell division cycle to their initial size,
i.e. large cells should grow less, while small cells should grow more. There is a wide range of possible
behaviors, but it is useful to exemplify size homeostasis by three simple limit cases: the sizer, the adder
and the timer. Perfect size control was reported for the fission yeast, S. Pombe (Fantes 1977), where a
size threshold (sizer) was proposed to control the passage of cells across several key cell cycle
transitions (Pan et al. 2014; Wood & Nurse 2013). By contrast, an ‘adder’ mechanism relies on the
addition of a constant volume at each cell cycle that is independent of initial size (Amir 2014; Voorn &
Koppes 1998), causing cells to converge on an average size after a few generations. This behavior has
been reported for several types of bacteria, cyanobacteria and in budding yeast (Campos et al. 2014;
Taheri-Araghi et al. 2015; Soifer, Robert, Amir, et al. 2016; Yu et al. 2017; Deforet et al. 2015). Finally,
if cells grow exponentially for a constant amount of time (a process called timer), large cells grow more
than smaller ones and sizes rapidly diverge. Alternatively, if cells grow linearly, a timer results in cells
growing by the same amount each cell cycle, therefore maintaining homeostasis (Conlon & Raff 2003).
The growth pattern (i.e. exponential or linear) has therefore strong implications on the control needed
to maintain size homeostasis.

In most cases, growth has been found to be exponential in bacteria and budding yeast (Godin et al.
2010; Wang et al. 2010; Osella et al. 2014; lyer-Biswas et al. 2014; Di Talia et al. 2007; Soifer, Robert &
Amir 2016) and bilinear in fission yeast (Horvath et al. 2016; Sveiczer et al. 1996; Mitchison 2003; Nobs
& Maerkl 2014). Importantly, in all these organisms, size homeostasis has been reported to rely on an
adaptation of cell cycle duration to initial size (reviewed in(Turner, Ewald, and Skotheim 2012; Osella
et al. 2017; Jorgensen and Tyers 2004). The way such coordination between cell cycle progression and
size is achieved is subject to intense debate. Indeed, the same effective behavior at the
phenomenological level can result from a unique mechanism (Harris & Theriot 2016; Soifer, Robert &
Amir 2016; Ho & Amir 2015) or from the combination of distinct mechanisms acting either in parallel
(Osella et al. 2014) or sequentially through different cell-cycle sub-periods (Adiciptaningrum et al.
2015; Wallden et al. 2016). When several regulatory processes are involved, the overall emergent
pattern is likely to be more complex than the stereotypical adder or sizer (Jun & Taheri-Araghi 2015;
Sauls et al. 2016; Osella et al. 2017; Willis et al. 2016; Kennard et al. 2016).

The spectacular progress in understanding how unicellular organisms control their size was made
possible thanks to high-throughput single live cell size tracking (Wang et al. 2010; lyer-Biswas et al.
2014; Nobs & Maerkl 2014). However, similar progress has yet to be made in mammalian cells which
have complex and fluctuating shapes.

As a result, most studies on mammalian cells have relied on population level measures (Conlon & Raff
2003; Dolznig et al. 2004; Echave et al. 2007; Killander & Zetterberg 1965; Kafri et al. 2013). These
include attempts to extrapolate growth dynamics from size measurements at fixed time-points across
a population (Kafri et al. 2013; Sung et al. 2013; Tzur et al. 2009). Recently, a variety of parameters
have been used as proxies for size at the single cell level, mostly through indirect techniques (Popescu
et al. 2014). These include cell dry mass (Park et al. 2010; Sung et al. 2013; Mir et al. 2011), buoyant
cell mass (Son et al. 2012) and cell density (Grover et al. 2011). Among these recent studies, some have
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reported single live cell measurement of size at specific times in the cell cycle (Varsano et al. 2017) or
through complete cell cycles (Mir et al. 2011; Park et al. 2010; Son et al. 2012). Although most data in
unicellular organisms were obtained on volume, and most size-sensing mechanisms currently debated
are thought to involve concentration-dependent processes (Ho & Amir, 2015; Schmoller et al., 2015;
Sompayrac & Maaloe, 1973; Zielke et al., 2011), measurements of volume trajectories on single cycling
mammalian cells have not been reported yet. This has limited the identification of regulatory processes
leading to size homeostasis in mammalian cells.

Given the amount of evidence that unicellular organisms control their size by modulating their cell
cycle progression, the same hypothesis was also made in mammalian cells. Similarly to budding yeast
(Fisher 2016), a role for G1 duration was suggested (Dolznig et al. 2004; Killander & Zetterberg 1965;
Conlon & Raff 1999) and verified directly for the first time very recently (Varsano et al. 2017). This last
study showed that G1 duration could adapt as a function of birth size down to a minimum duration,
leading, for these cells, to strong size-control for small-born cells and weaker, adder-like behavior for
larger cells. Other studies on mammalian cells have reported negligible changes in cell cycle timing and
have proposed that growth, although exponential on average, is modulated at specific points across
the cell cycle and that changes in growth speed contribute to cell size control (Tzur et al. 2009; Kafri et
al. 2013, for clarity, we recall here the definition of growth speed, which is the evolution of volume as
function of time, and of growth rate, which is the evolution of growth speed as a function of volume).
Direct observation of a convergence of growth speed at G1/S transition was provided for
lymphoblastoid cells (Son et al. 2012) but how this could lead to an effective homeostatic behavior
was not characterized. The idea that growth speed modulations could play a role in mammalian cells
size control was never tested directly, nor has its relative contribution to the effective homeostatic
behavior been compared to that of time modulation. Moreover, it is not known how the two-tier
mechanism found recently in G1 phase (Varsano et al. 2017) extends to cells growing exponentially or
whether it generalizes to other cell types.

To address these questions as directly as possible, we recently developed two new methods to
precisely measure the volume of single live cells over several days, on a large number of cells,
independently of their shape (Cadart et al. 2017; Zlotek-Zlotkiewicz et al. 2015; C. Cadart et al. 2014).
In this study, we used these tools to track single-cell volume growth over complete cell cycles. To
understand how the coupling of growth and time modulations results in size control, we also
developed a quantitative framework that characterizes the relative contributions of timing and growth
modulations to size homeostasis from bacteria to mammalian cells.
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Results
Single cell volume measurement over complete cell division cycles

It is a general belief that proliferating cultured cells double their size between two divisions, yet the
relation, for single cells, between their size at mitotic entry and their size at birth, has never been
reported for freely growing mammalian cells in culture.

To establish this relation, it is necessary to track single proliferating cells and measure the volume of
the same cell at birth and at mitotic entry. We implemented two distinct methods to obtain these
measures. First, we grew cells inside microchannels of a well-defined cross-sectional area (Figure S1A,
and (Cadart et al. 2014)). In such a geometry, dividing cells occupied the whole section of the channels
and we could infer their volume from their length, like for yeasts and bacteria. The second method we
used was based on fluorescence exclusion (FXm, (Zlotek-Zlotkiewicz et al. 2015; Cadart et al. 2017),
Figure 1A, Movie S1) and has been optimized for long term recording and automated analysis of
populations of growing cells ((Cadart et al. 2017), Figure S1B and supplementary information). This
method has several advantages compared with the channels: it does not require growing cells in a very
confined environment which is thought to constrain growth to a linear pattern (Varsano et al. 2017),
itis more precise and also produces complete growth trajectories for single cells (Figure 1B-C and S1C).
Visual inspection of the movies was used to determine key points in the cell division cycle for each
single cell tracked. Volume at birth was defined as the volume of a daughter cell 40 minutes after
cytokinesis onset, while volume at mitotic entry was defined as volume of the same cell 60 minutes
prior to the next cytokinesis onset (Figure 1B). These intervals were chosen to avoid the period of
volume overshoot corresponding to mitosis (Zlotek-Zlotkiewicz et al. 2015; Son et al. 2015) (Figure
S1D-E). Analysis of growth speed as a function of size, for a large number of single cells and cell
aggregates showed global exponential growth, as expected for freely growing cells (Figure S1F) (Tzur
et al. 2009; Mir et al. 2011; Sung et al. 2013; Son et al. 2012). For each experiment performed, the
dataset was checked for quality: we verified that the distribution of volumes at birth and the average
growth speed did not change throughout the experiment, and that these values did not change from
one experiment to another (Figures 1D and S1G). All the experiments in our dataset match these
quality criteria (note that we kept one dataset which showed a significant, but small, decrease in
volume through the course of the experiment, because despite optimization, we could not avoid some
internalization of dextran by these cells, Figure S1G, Hela cells). We were thus able, with these
methods, to produce fully validated high quality datasets of single cell volume along cycles of growth
and division, which can be further used to ask elementary questions on volume homeostasis for
proliferating cultured mammalian cells.

A near-adder behavior is observed in cultured mammalian cells

The first elementary information comes from the relation between the added volume and the volume
at birth. We thus made that plot, together with the equivalent plot of volume at mitotic onset versus
volume at birth, for each cell line and condition in our dataset (Figure 2A and S2A). If cells were
doubling their volume (i.e. in the case of exponentially growing cells with a timer), the added volume
would be equal to the volume at birth, thus the two values would linearly correlate with a slope of 1,
and the final versus initial volume plot would show a slope of 2. On the other hand, if cells were
perfectly correcting for differences in size, added volume would be smaller for bigger cells, so the slope
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would be negative, while the final volume would be identical for all cells independently of their initial
volume. We studied 3 different cancerous cell lines (HT29, Hela, and Raji) and on Madin-Darby canine
kidney (MDCK) epithelial cells and found neither of these two extremes. With the exception of Raji
cells (human B lymphoblast), which showed a large dispersion of added volumes, and for which added
volume slightly correlated with initial volume (Figure S2A), we instead found that added volume
showed no correlation with initial volume (Figure 2A, left panel). Consistently, the volume at mitotic
entry showed a clear linear correlation with volume at birth, with a slope close to 1 (Figure 2A, right,
and Figures 2B and S2A), suggesting that all cell lines studied, except the Raji cells, grew by the same
amount, on average, independently of their volume at birth. This observation was also reproduced
when analyzing previously published results obtained on lymphoblastoid L1210 cells (kindly shared by
the authors (Son et al. 2012)). This behavior is close to that of an adder, and was already described for
several bacterial species and for the buds of budding yeast cells (Campos et al. 2014; Taheri-Araghi et
al. 2015; Soifer, Robert, Amir, et al. 2016). This weak form of volume homeostasis was shown,
theoretically and experimentally for bacteria and yeasts, to be able to compensate for asymmetries in
sizes during division. A direct prediction is that, after an asymmetric division, the difference in size of
the two daughter cells would be reduced by half in one division cycle, but not completely
compensated. We artificially induced asymmetric divisions by growing cells inside microchannels
(Figure S1A, Movie S2). Confinement prevents mitotic rounding, which leads to errors in the mitotic
spindle positioning and ultimately generates uneven division of the mother cell (Figures 2C-D,
(Lancaster et al. 2013; Cadart et al. 2014)). We then compared the asymmetry in volume, at birth and
at the next mitosis, between pairs of daughter cells that had divided inside these channels. We found
that their level of volume asymmetry at birth was much higher than in control cells that divided outside
of the channels, and that it was significantly reduced at entry into the next mitosis, but not completely
compensated (Figure 2D), as predicted with an adder behavior. In conclusion, this first analysis of our
dataset revealed that most cultured mammalian cell lines display a near adder behavior. Importantly,
a near-adder observed at the phenomenological level does not necessarily imply the existence of a
molecular mechanism ‘counting’ added volume. The most recent findings in budding yeast and E. coli
rather propose that the adder emerges from the combination of several mechanisms acting in parallel
or sequentially during the cell cycle (Osella et al. 2017).

G1 duration is negatively correlated with volume at birth

Modulations of cell cycle duration as a function of size are the core of size regulation in unicellular
organisms. Such modulations were therefore the natural hypothesis to explain size control in
mammalian cells and an adaptation of G1 duration to initial size, very similarly to what had been shown
in budding yeast (Hartwell & Unger 1977; Johnston et al. 1977) was proposed (Killander & Zetterberg
1965; Dolznig et al. 2004). Recently, direct evidence supporting this was provided (Varsano et al. 2017)
while other contributions argued against the existence of time modulation (Son et al. 2012; Kafri et al.
2013), opening a controversy on this question, with few direct observation available to clarify this
point. In our dataset, cells grown in the volume measurement chamber, but not inside microchannels,
showed a longer cell division cycle for smaller cells (Figure S2A, middle graphs). To investigate this
point in more details, we combined cell volume measurements on HT29 cells with a classical marker
of cell cycle phases, hgeminin-mcherry, which accumulates in the cell nucleus at S-phase entry (Sakaue-
Sawano et al. 2008) (Figures 3A, S3A and Movie S3). This new dataset confirmed that, at the scale of
the entire cell division cycle, cells added the same amount of volume independently of their volume at
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birth. During G1 phase, small cells at birth added slightly more volume than large ones, while during S-
G2, large cells at G1/S added slightly more volume than small ones (Figure 3B and S3B, left graphs).
Consistently, the volume at G1/S transition plotted against volume at birth showed a slope below 1
(a = 0.7 £0.01), suggesting a homeostasis mechanism more efficient than an adder, while the slope
of the volume at mitosis entry versus volume at the G1/S transition was 1.4 + 0.02, suggesting a poor
homeostasis mechanism (Figure S3B, right graphs). Consistent with a regulation occurring mostly in
G1, the distribution of G1 durations was wide and right-skewed, resembling the distribution of entire
cell division cycle durations (Figures 3C and S3C, CV=53%), while S-G2 showed a very narrow and
symmetrical distribution of durations (Figures 3C and S3C, CV=18%) (Fligner-Kileen test comparing the
standard deviations, p=2*107-16). Consistently, the duration of G1 was highly correlated with the total
duration of the cell cycle, while it was less for S-G2 (Figure S3D). Plotting the time spent for single cells
in a given phase versus its volume at the beginning of that phase, confirmed that smaller cells at birth
had a longer G1 phase (Figure 3D). By contrast, S-G2 duration was not correlated with volume at entry
in S phase (Figure S3B, middle graphs). This analysis also suggested that there was a minimal time cells
spentin G1, and that dispersion of G1 duration was larger for smaller than for larger cells, which tended
to spend only a minimal time in G1 (about 4 to 5 hours) (Figure 3D). This is well illustrated by the
cumulative distribution function of the time spent in G1 for various ranges of volumes at birth (Figure
3E). We could not distinguish between the effective adder observed from birth to mitosis and the
alternative model currently debated in yeast (Soifer, Robert, Amir, et al. 2016) and bacteria (Ho & Amir
2015) where the constant volume is added between two replication initiation events (see
supplementary information, Figures S3E-G). These data together suggest that, despite an overall
exponential growth, smaller cells can add, on average, as much volume as bigger cells, thus achieving
an adder behavior, by extending the duration of the G1 phase, while S-G2 phase rather resembles a
timer, with a duration independent of size at the G1/S transition.

Abnormal large cells do not adapt G1 duration but modulate their growth rate

Figures 3D-E show a lower limit on the duration of G1 phase, which implies that, if growth was
exponential and homeostasis limited to the G1 phase, it would not be possible to have homeostasis
for larger cells. To produce larger cells at birth, we arrested cells using Roscovitine, an inhibitor of
major interphase cyclin dependent kinases, like Cdk2 (Meijer & Raymond 2003). For this experiment,
we used Hela cells, because HT29 cells, despite long arrest with Roscovitine treatment, only slightly
increased their volume. After a 48hours block with Roscovitine, the drug was rinsed, and cells were
injected in the volume measurement chamber. Recording started after the first mitosis following the
release from Roscovitine. As expected, cells which had been treated with Roscovitine were on average
1.7 fold larger than the controls (Figure 4A and 4B, top histogram of the graph, Figure S4A). Single cell
growth curves showed that Roscovitine treated cells behaved similarly to large control cells (Figure 4A,
Movie S4). As expected, their G1 duration was shorter (Figure 4B right axis) and was on average closer
to a minimal G1 duration (= 4 hours) independently of volume at birth (Figure 4B), a behaviour
reminiscent of the recent results from (Varsano et al. 2017). Interestingly, this duration was the same
as the duration displayed by large control cells. But, surprisingly, large Roscovitine treated cells still
grew, during G1, by nearly the same amount of volume than smaller control cells, independently of
volume at birth (Figure 4C). In S-G2 however, the duration was longer for Roscovitine-treated cells,
maybe due to replication defects, and the added volume was thus also larger (Figure S4B-C). If G1
duration is not modulated and larger cells grow by the same amount, an alternative mechanism is that
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growth speed is modulated. We thus analyzed single cells growth curves in G1 and plotted their growth
speed against their volume. It showed that, both for control cells and Roscovitine treated cells, and for
all the range of sizes, growth speed in G1 increased with size, compatible with an exponential growth
even for the largest cells (Figure 4D for G1, S4D-E for S-G2 and complete cell cycle, and S4F relative to
G1/S transition). To understand how larger cells at birth could grow by approximately the same
amount as smaller cells, in a similar amount of time, and because single growth curve trajectories
showed complex behaviors (Figure S4G-I), we grouped Roscovitine and control cells and binned them
by their size at birth. We then plotted, for small, intermediate and large cells at birth, their growth
speed versus their volume. By definition, the slope of such plot indicates the growth rate. This showed
that although, for all ranges of size at birth, growth was compatible with exponential, the slope of
growth speed versus volume decreased for larger sizes at birth, suggesting a lower exponential growth
rate for cells born bigger (Figure 4E). In conclusion, consistent with a minimal G1 duration, Roscovitine
treated cells, which were as big or larger at birth than large control cells, displayed a G1 duration
independent of their volume at birth and on average equal to the minimal G1 duration found for
control cells. They still added the same amount of volume as smaller cells, due to a modulation of their
exponential growth rate, with larger cells at birth showing a smaller growth rate. By producing larger
cells at birth, we were able to reduce cell cycle modulation and reveal the existence of a strong growth
rate modulation.

A general mathematical framework to compare the homeostatic process from bacteria to
eukaryotes

Our results show evidence of time modulation in G1, in agreement with recent findings (Varsano et al.
2017) and directly support the hypothesis that modulations of growth rate might also contribute to
size homeostasis (Kafri et al. 2013). To understand the respective contribution of growth and time
modulation on the effective homeostatic process, we built a general mathematical framework. Such
contribution of growth rate modulation has never been reported in unicellular organisms and our
framework allowed us to perform a comparative analysis of the way by which mammalian cells and
unicellular organisms achieve size homeostasis. Our model (described in details in the supplementary
information) is applicable to the whole cell cycle or to single cell-cycle stages (for the sake of simplicity,
we will discuss it hereon for an entire cycle). It assumes that cells grow exponentially, which
corresponds to the most common behavior we observed in our dataset, and adopt a rate chosen
stochastically from a probability distribution. This rate may depend on volume at birth (and hence
contribute to size correction). Similarly, the interdivision time (cell cycle duration) may be chosen
based on volume at birth and has a stochastic component. Correlations between growth rate,
interdivision time and size at birth are accounted to linear order, motivated by the fact that such linear
correlations are able to explain most patterns in existing data (at least for bacteria, (Grilli et al. 2017)).
The resulting model is able to characterize the joint correction of size by timing and growth rate
modulation, with a small number of parameters.

Afirst parameter, A, describes how the total relative growth (1o0g(Vinitosis/Vpirtn) ) depends on volume
at birth. If A = 1, the system behaves like a sizer, if it is 0.5, it is an adder and if it is O, there is no size
control at all (on average, cells divide when they doubled their initial volume). This parameter can be
described, for each dataset, by performing a linear regression on the plot of log(Vinitosis/Vpirtn) VErsus
the log(Vpiren) (Figures 5A, S5A and equation 5 in supplementary informations). The second
parameter, 6, describes how interdivision time depends on volume at birth. This parameter can be
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described, for each dataset, by performing a linear regression on the plot of cell cycle duration (t =
AT) versus log(Vyiren) (Figures 5B, S5B and equation 6 in supplementary informations). If this
correlation is negative (which, by choice, corresponds to a positive value of the parameter meant to
describe the strength of the correction), it means that larger cells will tend to divide in shorter times,
hence these cells operate size correction due to a modulation of timing. Finally, the third parameter,
vy, describes the link between initial size and a variation in growth rate with respect to its mean value.
Similarly, if y is positive, modulations of growth rate positively contribute to size control. This can be
obtained by linear regression when the corresponding measurements are available (e.g. in data from
bacteria, (Wallden et al. 2016; Kennard et al. 2016; Kiviet et al. 2014; Taheri-Araghi et al. 2015) Figures
5C and S5C, equation 4 in supplementary information). When growth rate for single-cells was not
available (for mammalian cells and yeasts), the parameter y was estimated from the values of A and 6
using an approach based on the covariance between pairs of measured variables (Figure S5D-E and
supplementary information). The validity of this approach was tested on the bacteria datasets where
all parameters can be directly measured (Figure S5E and supplementary information).

These three parameters are linked by a balance relation, which describes the fact that the overall size
correction results from the combination of timing and growth rate corrections (see also supplementary
information).

A= 0(a)(r)+ vy {(a) (1) (Eq.1)

Each cell line and condition can be characterized by one value for each parameter and thus one point
on the graph which shows y versus 0 (Figure 5D). Additional (less relevant here) parameters concern
the intrinsic stochasticity of interdivision timing, growth rates and net growth (see supplementary
information). For eukaryotes where the growth rate (a) is not easily accessible, the product {a) (T)
was approximated by: (@) (1) = (G) = (log(Vinitosis) /108 Vypiren)) (Figure 5D, right, supplementary
information). The validity of this normalization was tested with bacteria (Figure S5F and supplementary
information).

Using these dimensionless parameters, it was then possible to compare datasets obtained from
different cell types in different conditions and estimate whether they displayed volume homeostasis
(A > 0) with an adder behavior (A = 0.5) or better (A = 1). It was also possible to know if homeostasis
relied more on time modulation ( 8 > 0) or growth rate modulation (y > 0). With this framework
(Figures 5E and S5G), all the datasets for both bacteria (Kennard et al. 2016; Wallden et al. 2016; Kiviet
et al. 2014; Taheri-Araghi et al. 2015) and yeasts (Nobs & Maerkl 2014; Soifer, Robert & Amir 2016)
mostly fell around the line of 1 = 0.5 indicative of a near-adder behavior (note that, as expected, the
yeast S. Pombe showed a better than adder behavior, but not a perfect sizer, because larger cells still
have a minimal growth period (Fantes 1977)). These cells all showed a consistent degree of correction
via time modulation (6 > 0). A small subset also showed positive growth rate modulation (y > 0)
Figure 5E, green box), but many also had instead a strong negative growth rate modulation (i.e. growth
rate modulations contributed to noise in size instead of correcting it, Figure 5E blue box).

The near-adder behavior emerges from a variety of couplings between growth and time modulations

Most mammalian cells displayed volume homeostasis close to an adder behavior (all points fell
clustered around the line representing A = 0.5, Figure 5F), consistent with the plot shown in Figure 2B.
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Data obtained from Son et al (Son et al. 2012) on L1210 showed that these cells were also adders, with
mostly growth rate modulation (in accordance with the results of that study), but also some level of
time modulation, possibly explained by the negative correlation between G1 duration and early growth
speed observed in these cells (Son et al. 2012) (Figure 5F, yellow star). For both mammalian cells and
bacteria, no dataset showed a negative time modulation (bigger cells at birth having a longer cell
division cycle), meaning that time modulation always contribute to homeostasis, although to a lesser
extent in mammalian cells than in yeasts and bacteria. Negative growth rate modulation (larger cells
with a faster exponential growth rate than smaller cells at birth) was rarer in mammalian cells than in
bacteria, but nevertheless observed in some cases (for Raji cells, Figure 5F, pink circle). This means that
in mammalian cells, contrary to yeasts and bacteria, growth rate modulation always contributes to
homeostasis and does it to a larger extent. Our analysis method, by providing a summarized overview
of a large dataset comprising various cell types and culture conditions, demonstrated the generality of
the phenomenological adder behavior, and also revealed the diversity of the underlying homeostatic
mechanisms with different coupling of growth rate and timing modulation. Such diversity was
observed even for a given cell line depending on the growth conditions (datasets from bacteria) or
initial size (results from Roscovitine-induced large Hela cells).
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Discussion

Due to technical limitations, our understanding of size homeostasis in mammalian cells derives in large
part from indirect evidence (Conlon et al. 2001; lan Conlon and Raff 2003; Echave, Conlon, and Lloyd
2007; Tzur et al. 2009; Sung et al. 2013; R. Kafri et al. 2013; Dolznig et al. 2004), nurturing controversies
which have proven hard to resolve. To make progress in this area, we have developed a new method,
FXm (Cadart et al. 2017; Zlotek-Zlotkiewicz et al. 2015), to follow the volume of single cultured
mammalian cells over long periods of time, produced new datasets from direct measurements of
freely-growing and dividing cells, and introduced conceptual tools to quantify the results.

In mammalian cells, a recent study provided direct evidence that size control relies on modulation of
G1 duration (Varsano et al. 2017). Authors show that G1 duration negatively correlates with volume
at birth, up to a point above which large cells cycle in a minimal time independent of initial size. Our
experiment on control cells and artificially induced large cells nicely agree with this observation (Figure
3D-E and 4B). Remarkably, our description of size control in G1 combined with that of Varsano and
colleagues is compatible with the most recent advances in the study of the cell cycle networks acting
in G1 that identified two sub-periods in G1: a first period of variable length that involves pRb-E2F
activation (Cappell et al. 2016; Barr et al. 2016), and a second period with a constant duration of 4
hours ending with the inactivation of APC-Cdh1 (Cappell et al. 2016). We envision that future research,
combining tracking of key regulators of the cell cycle with volume measurement at the single-cell level
(Schmoller et al. 2015) will help identify the long-hypothesized G1 size-checkpoints in mammalian cells
(Fisher 2016).

Our dataset also provides direct evidence in support of the previously hypothesized role for growth
rate modulations in size homeostasis (Kafri et al. 2013; Tzur et al. 2009). In particular, experiments on
Roscovitine-induced abnormal large cells show that such cells grow on average exponentially (Figure
4D and S4D-E), do not adapt G1 duration to initial size (Figure 4B) and yet maintain an homeostatic
behavior (Figure 4C). This is thanks to an adaptation of the exponential growth rate to the volume at
birth (Figure 4E). We find that cells typically grow with a growth speed that increases as a function of
time (and volume), but that the average growth rate (the slope of the growth speed as a function of
volume) is smaller for cells born bigger, which is a new type of homeostatic behavior.

The pattern of growth of animal cells has been subject to debate, with contradicting conclusions as to
whether they grow linearly (Conlon & Raff 2003; Varsano et al. 2017) or exponentially (Tzur et al. 2009;
Son et al. 2012; Kafri et al. 2013; Mir et al. 2011; Sung et al. 2013). An illustration of how the growth
mode has a strong impact on size control is the difference in effective homeostatic behavior we
observed between our experiments and those from the recent work of Varsano and colleagues
(Varsano et al. 2017) despite cells showing the same pattern of adaptation of G1 duration to size at
birth. In the study by Varsano and coworkers, cells, which were confined in microchannels, grew
linearly (an observation we reproduced with our microchannels experiments, see Figure S2A) and the
combination of linear growth with G1 adaptation to volume at birth lead to a sizer-like behavior for
small cells. In our study, unconfined cells in the FXm device grew nearly exponentially on average
(HT29: Figure S1G, Hela: Figure 4D) and thus, the same modulation of G1 duration lead to a weaker
effective homeostatic behavior, whose strength was half way between an adder and a sizer (Figure 3B)
for HT29 cells and close to an adder for Hela cells (Figure 4C).
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When considering growth trajectories, which is a unique feature of our dataset, we observed that
individual cells could display complex growth behaviors, alternating plateaus and growth phases
(Figures S4G-I), not clearly correlated with cell cycle stage events, even if plateaus were often seen in
early G1. Growth in volume was on average faster than linear, when many cells were averaged (Figure
S1G, 4D and S4D-E) but was, at the single cell level, highly modulated. A possible interpretation of this
observation is that the average exponential (or faster than linear) growth is the result of multiple
compensatory processes. The factors that could modulate growth rate at the single-cell level in a size-
dependent manner are to date unknown and could involve, as recently hypothesized, the limitations
of protein synthesis rate for large cell sizes (M. Kafri et al. 2016), nonlinear metabolic scaling with cell
size (Miettinen & Bjorklund 2016) or physical constraints on volume growth via the addition of surface
area (Glazier 2014), or dynamic changes in cell/substrate adhesion, cell spreading and cortical tension.

Our unbiased mathematical framework quantifies, for all cell types and all growth conditions, the
respective contributions of growth and time modulation to the effective homeostatic behavior (Figure
5E-F). This analysis allowed us to compare the homeostatic behavior of widely different cells, and
revealed a global similarity, but also striking differences between mammalian cells and unicellular
organisms. First, the near-adder seems to be the most general behavior, found across kingdoms. In our
data, four out of five different cell lines tested work as near adders, meaning that the added volume
across a cell cycle was independent of the volume at birth. Such behavior has been observed in a
variety of unicellular organisms, from bacteria (Campos et al. 2014; Taheri-Araghi et al. 2015; Soifer,
Robert & Amir 2016) to budding yeast (Soifer, Robert & Amir 2016). However, the apparent universality
of the adder at the phenomenological level may mask a more complex picture where several
regulatory mechanisms acting in parallel or sequentially might be at play (Osella et al. 2017).
Consequently, we find it unlikely that a single molecular ‘adder circuit’ would be working for
mammalian cells. Second, and potentially more important, only mammalian cells combine both time
and growth regulation to achieve homeostasis (in various ways depending on the cell type or the initial
size for the same cell type, see Figure 5F). Unicellular organisms seem to only modulate timing.
Environmentally-dictated changes in growth rate are widely regarded as a central parameter for cell
size homeostasis in multicellular organisms (Roberts & Lloyd 2012; Lloyd 2013; Grewal & Edgar 2003).
Thus, we surmise that the flexibility in the pattern of growth, characterizing mammalian cells only, may
have to do with the acquisition of controlled and coordinated growth in tissues, which requires cells
to respond quickly and efficiently to several joint environmental cues.
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Figure Legends
Figure 1: Single-cell volume tracking over entire cell division cycles

A) Principle of the fluorescence exclusion-based volume measurement method (FXm). Left:
measurement chamber used for 50hrs long time-lapse acquisitions (see Sl). Right: principle of the
measure. Fluorescence intensity at a point I, ,, of the cell is proportional to the height of the chamber
minus the height h, ,, of the cell at this point. Fluorescence intensity I,,xis the intensity under the
known height of the chamber roof h,,,,, where no object excludes the fluorescence. Integration of
fluorescence intensity over the cell area gives the cell volume V,,;; after calibrating the fluorescence
intensity signal @ = (Inax — Imin) / Pmax (s€€ S).

B) Sequential images of a HT29 cell acquired for FXm. Mitosis and birth are defined as the time-points
60 min before and 40 min after cytokinesis respectively. The white dashed circle indicates the cell
measured in C), the colored lines indicate the time-points highlighted by circles of the same color in
C). Time is in hours:minutes. Scale bar is 20 um.

C) Single HT29 cell growth trajectory (volume as a function of time) and key measurement points (see
Sl). The time-points shown in B) and underlined in grey, red or yellow are indicated by points of
matching colors on the curve in C): the grey points correspond to volume at mitotic entry, the red
points correspond to volume at cytokinesis and the yellow points to volume at birth. AT, is the total
duration of the cell division cycle from birth to mitosis and AV, is the total added volume.

D) Average growth speed for three independent experiments with HT29 wild-type cells. n= 39 (exp. 1),
n=46 (exp. 2), n=47 (exp. 3). The hinges show the 25th and 75th percentiles and the bars extends from
the hinge to the highest value that is within 1.5 * IQR (Inter Quantile Range) of the hinge. The p values
are the result of a pairwise t test comparing the means.

See also Figure S1 and Movie S1
Figure 2: Adder-like behavior in cultured mammalian cells

A) Left: total volume gained during one cell division cycle AV, versus volume at birth Vi, for wild-
type HT29 cells. The dashed grey line shows median added volume. Right: volume at mitotic entry
Vinitosis vVersus volume at birth Vy;4,. Dashed grey lines show the expected trends in case of a sizer
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(horizontal line at average volume at mitosis), an adder (line of slope 1 with an intercept at mean
volume at birth) and a timer (line of slope 2 with intercept at zero). Blue line: linear fit on the binned
data weighted by the number of observations in each bin (see Sl), with a the slope of the linear fit +/-
standard error and R2 is the coefficient of determination, n is the number of single-cell observations
and N the number of independent experiments.

B) Left graph: comparison of volume at mitosis rescaled by the mean volume at mitosis versus volume
at birth rescaled by the mean volume at mitosis for various cultured mammalian cell lines. Ideal curves
for stereotypical homeostatic behaviors are shown as black lines. The points corresponds to median
bins (the graphs with single cell points and median bins for each cell type are shown in Figure S2A). For
each cell type, a linear fit Vijtosis = a. Vpirtn + b is made on the bins weighted by the number of
observation in each bin (see Sl). Right table: estimates from the linear regression for each cell type: a
(slope coefficient), SE a (standard error for a), b (slope intercept), n (number of single cell observations)
and N (number of independent experiments). The theoretical slope coefficients and intercepts
expected in case of sizer, adder or timer are also indicated. The HT29 are human colon cancer epithelial
cells (wild-type (HT29-wt) or expressing hgeminin-mcherry (HT29-hgem)), Hela are human cervix
epithelial cancer cells (either stably expressing MyrPalm-GFP and Histon2B-mcherry (HeLa-MP) or
hgeminin-GFP (HelLa-hgem)), MDCK expressing MyrPalm-GFP (MDCK-MP) are madine canine kidney
epithelial cells, Raji are human B lymphoblastoid cells, L1210 are mouse lymphoblastoid cells from data
kindly sent by Son and colleagues (Son et al. 2012). Apart from the L1210 cells buoyant mass, data are
volumes acquired with either the FXm or the microchannel methods (See C)).

C) Top: scheme of a cell confined in a microchannel (nucleus in red). Bottom: sequential images of an
asymmetrically dividing Hela cells expressing MyrPalm-GFP (plasma membrane, green) and Histon2B-
mcherry (nucleus, red) growing inside a microchannel. The outlines of the cell of interest and its
daughters (white bars) are shown with white dotted lines. Scale bar is 20 um. Time is hours:minutes.

D) Ratio of volume in pairs of sister cells at birth and mitosis for MDCK cells expressing MyrPalm-GFP
(MDCK-MP) and Hela cells expressing MyPalm-GFP and Histon2B-mcherry growing inside
microchannels (HelLa-MP). Control, in non-confined condition, corresponds to Hela expressing
hgeminin-GFP (HelLa-hgem) cells measured with FXm. A Wilcoxon signed rank test was performed to
test that the median ratio was lower from birth to mitosis in each condition. The upper and lower
hinges of the boxplot represent the 25th and 75th percentile, the bars extend from the hinge to the
highest (lowest) value within 1.5%IQR (Inter Quantile Range) of the hinge. Data beyond the whiskers
are shown as outliers. n indicates the number of pairs of sister cells and N the number of independent
experiments.

See also Figure S2 and Movie S2

Figure 3: For HT29 cells, G1 duration is anticorrelated to V_birth

A) Sequential images of HT29 cells expressing hgeminin-mcherry (top) and FXm on the same cells
(bottom). The graph on the right shows the quantification of hgeminin-mcherry in the cell as a function
of time. Time zero corresponds to mitosis (see Sl). The vertical white line and arrows indicate the time
at which hgeminin-mcherry becomes detectable. G1 phase (red line) spans from birth to appearance

19


https://doi.org/10.1101/152728

bioRxiv preprint doi: https://doi.org/10.1101/152728; this version posted August 22, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Cadart et al. Draft

of hgeminin (G1/S transition) and S-G2 phases (green line) from G1/S to next entry in mitosis (see SI).
Scale bar is 20um. Time is in hours:minutes.

B) Total added volume AV in G1 (red), S-G2 (green) and the total cell cycle (blue) as a function of volume
at entry in the phase (volume at birth, volume at G1/S and volume at birth respectively). Dashed blue
line indicates the median volume added during the total cell cycle. Squares show median bins with
standard deviation (bars). Pearson’s correlation coefficient (P), for the entire cell division cycle: P=0.13,
p=0.12, n=141; G1: P=-0.30, p=9*107-7, n=241; S-G2: P=0.34, p=1*10~-5, n=144; linear regression on
the median bins weighted by the number of observations in each bin, G1: a= -0.30+/-0.009, p=1*10A-
91, R2=0.83; S-G2: a=0.3+/-0.01, p=3*10~-53, R2=0.83.

C) Histogram of G1 phase, ATg4 (red) and S-G2 phases ATs_g, (green). CV: coefficient of variation.
Standard deviations are significantly different (Fligner-Killeen test, p=2*107-16).

D) Duration of G1 phase, ATgq, and S-G2 phases, ATs_g, versus volume at entry in the phase (Vpirtn
and Vg4 /g respectively). Individual cell measures (dots) as well as median bins (squares) are shown.
Pearson’s correlation coefficient, G1: P=-0.33, p=7*107-10 (n= 310); S-G2: P=-0.12, p=0.07 (n=220);
linear regression on the median bins weighted by the number of observations in each bin, a +/-
standard error (slope coefficient), p value and coefficient of determination (R2) for G1: a=-0.008+/-
0.0001, p=1*107-160, R2=0.92; for S-G2: a=-0.004+/-0.0001, p=9*10~-4, R2=0.07. Red dashed line and
grey area are a visual guide for minimum G1 duration around 4-5 hours.

E) Cumulative frequency graph of AT, binned for three ranges of volumes at birth Vj;.4,. Red dashed
line and grey area are a visual guide for minimum G1 duration around 4-5 hours.

All data in the figure are from HT29 cells expressing hgeminin-mcherry (N=4).

See also Figure S3 and Movie S3

Figure 4: Larger cells obtained after Roscovitine treatment still display an adder behavior

A) Examples of single-cell growth trajectories for Hela cells expressing hgeminin-GFP, either control
(“ctrl”, lighter color), or after washout from Roscovitine treatment (“rosco”, darker color) as a function
of time from birth; G1 is in red and S-G2 in green. More examples can be found in Figure S4H-I.

B) G1 duration, ATg4, as a function of volume at birth for control (“ctrl”, light red, light grey) and
Roscovitine-treated cells (“rosco”,darker red, darker grey). Individual cell measures (dots) as well as
median bins (squares) and standard deviation (bars) are shown. Red lines shows linear regression on
median bins weighted by the number of event in each bin (a (slope coefficient) +/- standard error, R2
(coefficient of determination) and p value; control: a=-0.00188+/0.00008, R2=0.76, p=5*10-61;
Roscovitine: a=-0.0002+0.0001, R2=0.05, p=1*10-42; Pearson’s correlation coefficient, control: P=-0.4,
p=3*10~-8, n=199, N=2; Roscovitine: P= -0.03, p=0.8., n=120, N=3). Note that control Hela cells are
already very close to the minimum G1 duration compared to the HT29 cells shown in Figure 3.
Distributions on the top of the graph are the distribution of volume at birth Vy;.,; control: mean
volume at birth=1600um3, n=231; Roscovitine: mean volume at birth=2600um3, n=136; Welch t test
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comparing the means: p=2.2*107-16. Distributions on the right of the graph show G1 duration; control:
mean G1 duration=7.0hrs, n=201, N=2; Roscovitine: mean G1 duration=6.1hrs, n=124, N=3; Welch t
test comparing the means: p=6.5*107-7. Red dashed line and grey area are a visual guide for minimum
G1 duration around 4-5 hours.

C) Added volume in G1 (AVgq) versus volume at birth for control (“ctrl”, light red, light grey) and
Roscovitine-treated cells (“rosco”, darker red, darker grey). Individual cell measures (dots) as well as
median bins (squares) and standard deviation (bars) are shown. Pearson’s correlation coefficient,
control: P=-0.06, p=0.4, n=178, N=2; Roscovitine: P=-0.07, p=0.8, n=108, N=3. Dashed lines represent
the mean added volume in each condition, control: mean added volume in G1=350 um3; Roscovitine:
mean added volume in G1=390 um3; Welch’s t.test comparing the means, p=0.2423.

D) Instantaneous growth speed &v/&t in G1 as a function of volume, for control (“ctrl”, light red
squares, number of cells n=119, N=1) and Roscovitine treated cells (“rosco”, dark red triangles, number
of cells n=49, N=2). Growth speed was estimated on sliding windows of 90 min (see Figure S4G-| and
SI). Red lines shows linear regression on average bins weighted by the number of event in each bin
(slope coefficient a +/- standard error, p value and R2 (coefficient of determination) are: for the control
cells: a=0.0489+/-0.0005, p=0, R2=0.78; for the Roscovitine treated cells: a=0.047+/-0.002, p=1*10~-
137, R2=0.49). Grey lines represent bivariate kernel densities.

E) Top: kernel density of volume at birth for control and Roscovitine treated cells together. The 20%
and 80% percentiles are represented. Bottom: Same data as D) but cells are grouped by their initial
volume at birth (cells within the 0 to 20% percentile (blue), 20 to 80% percentile (orange) and 80 to
100% percentile of the distribution (green). The dots represent the averaged bins which contain
measurements on at least 5 different cells, the lines are robust linear fits on the bins. For each group,
the values of a (slope coefficient of the fit) +/- standard error, p value of a, R2 (coefficient of
determination), nc (number of cells from the control condition in the group) and nr (number of cells
from the Roscovitine condition in the group) are: 0-20%: a=0.119+/-0.008, p=4.1*10~-5, R2=0.98,
nc=24, nr=0; 20%-80%: a=0.072+/-0.009, p=4.88*10~-5, R2=0.90, nc=60, nr=15; 80%-100%: a=0.05+/-
0.01 p=0.00192, R2=0.43, nc=3, nr=24; N number of independent experiments is control: N=1, rosco:
N=2.

All data are from Hela cells expressing hgeminin-GFP.

See also Figure S4 and Movie S4

Figure 5: Contribution of growth and time modulation in overall size control

A) Doubling rate, 108(Viitosis/ Vbirth) Versus logarithm of initial volume log(Vy;rt) for HT29 wild-type
cells. The slope coefficient of the linear regression (performed on the median bins, blue squares, and
weighted by the number of observations in each bin) gives -A and indicates the effective size control,
(-A =-0.5£0.002, R2=0.85, n=132, N=3). Error bars represent standard deviation. Dots are single-cells,
squares with error bars are median bins with standard deviation, the black line shows the linear
regression.
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B) Cell cycle duration 1 versus initial volume log(Vy;rtn) for HT29 wild-type cells. The slope coefficient
of the linear regression (performed on the median bins, blue squares, and weighted by the number of
observations in each bin) gives, by definition in our equations (see Sl, Equation 6), -(7) 8 where (1) is
the average cell cycle duration, and 8 is the strength of control by time modulations. A positive value
of © corresponds to a positive effect on size control (—(7)0 =-7+0.2, R2=0.88, n=163, N=3). Dots are
single-cells, squares with error bars are median bins with standard deviation, the black line shows the
linear regression.

C) Growth rate a versus initial size log(Vy;rtn), for datasets on bacteria, from (Kennard et al. 2016). The

slope coefficient of the linear regression (performed on the median bins, orange squares, and weighted
by the number of observations in each bin) gives, by definition in our equations (see SI, Equation 4),
—(a)y the control due to growth rate modulations. A positive value of y corresponds to a positive
effect on size control (—(a)y =-0.0005+0.0002, R2=0.06, n=2107). Dots are single-cells, squares with
error bars are median bins with standard deviation.

D) Left: plot of @ multiplied by the average cell cycle duration (7) and the average growth rate («),
versus y multiplied by (7) and («) for the bacteria dataset shown in C). Positive values along both y and
X axes correspond to a positive effect on size control via time or growth modulation respectively. Right:
plot of 8 multiplied by (G), the average growth ((G) = (log(Vinitosis) /108 (Vpiren)) , versus y multiplied
by (G) for HT29 wild-type cells shown in A-B). The dashed lines indicate the threshold above which
time modulation (horizontal line) and growth modulation (vertical line) have a positive effect on size
control.

E) Comparison of datasets for bacteria (data from (Wallden et al. 2016; Kennard et al. 2016; Taheri-
Araghi et al. 2015; Kiviet et al. 2014)) and yeasts (data from (Soifer et al. 2016; Nobs and Maerkl 2014)),
plotted as in D. The dashed lines indicate the threshold above which time modulation (horizontal line)
and growth modulation (vertical line) have a positive effect on size control. Each point corresponds to
a different growth condition (see Figure S5G).

F) Comparison of datasets for animal cells (our results and data from (Son et al. 2012)), plotted as in D.
The dashed lines indicate the threshold above which time modulation (horizontal line) and growth
modulation (vertical line) have a positive effect on size control.

See also Figure S5
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