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1. Probability distribution of phase coherence r for N random oscillators 

We start by representing the size (area) of each cell by a unit vector with length 1 in complex plane 

 where j is the cell index. The probability distribution of each step is then: 
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which is normalized: 
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where  is the Dirac delta function. The average and variance of a single step are: 
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Also note that:  
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Now for the average:  
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we can apply Central Limit Theorem for each x and y component individually (if N is large). Each Cartesian 

component x and y (of z) then has a Normal distribution with mean 0 and variance / / 2 . The 

probability distribution of z is:  
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where the normalization constant can be obtained by requiring that the integral of this probability is 1 and we 
evaluate the integral in polar coordinates r, ψ:  
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The average phase coherence for a random system can be directly calculated:  

 

〈 〉 /
√
2 √

 

and the average of  is:  
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so the variance is 〈 〉 〈 〉  and the standard deviation is: 
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which gives us the relative fluctuation: 
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In Fig.3 in the main text we make use of 〈 〉 and  to show the average and the standard deviation for the 
phase coherence for finite populations. 
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2. Additional examples of cell synchronization 

Here we show two more examples indicating an onset of synchronized growth (Fig. S1). The cell 
synchronization occurs very quickly, within the first several hours. These runs also reveal longer time 
behavior than in Fig. 3, indicating decay of coherence at long times (see discussion in the main text). 

 

Figure S1. Additional examples of cell synchronization. The dynamics of cell size 
distribution and phase coherence for the first (a,b) and second (c,d) experiment. As in main 
text, black lines denote phase coherence in our data and cyan line and its spread shows the mean 
phase coherence and its spread for the corresponding number of randomly oscillating cells. 

 

3. Statistical analysis of the number of cell divisions vs time 

We analyzed the number of cell divisions for three experiments (Fig. S2a) by manually counting each cell 
division event, as described in the Results section of the main text. The experiments 1 and 3 were performed 
simultaneously on Olympus IX71 and Nikon Optiphot microscopes in brightfield, as detailed in the Methods 
section of the main text. Next, these distribution of cell divisions were smoothed using a local polynomial fit 
[1] (Fig. S2b) and then normalized by the total cell number. The cell densities were 14.5, 10 and 7.4 
cells/mm2, respectively. These smoothed distributions were then divided by the instantaneous cell density at 
each time point to obtain the relative number of cell divisions over one hour intervals ∆N/N. This is shown in 
Fig. S3 together with the resulting mean and the corresponding standard error of the mean. 
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Figure S2. Distribution of cell divisions vs time. a, Histograms showing the number of cell 
divisions in 1 hour intervals from three different experiments. Experiments 1 and 3 were 
performed simultaneously. b, Smoothed distributions from a using local polynomial fits [1]. 

 

 

Figure S3. Relative number of cell divisions in one hour time intervals for three experiments 
(shown in red, green and blue) and its average (black) and standard error of the mean (gray 
spread). 

4. Estimate of the variation of the degree of coherence with increasing 
number of cells  

We can estimate of the effect of cell proliferation on the degree of cell cycle synchronization according 
to the Kuramoto model. Recent efforts to explore the phenomenon of synchronization of many oscillators 
have focused of extensions of the Kuramoto model to include explicit consideration of network topology, 
interaction strength and finite population. The problem at hand invites us to consider the last aspect: what are 
the dynamics of synchronization for a growing population? From [2], we have the following equation for  , 
long time coherence of the system: 

	∑ 1
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where the summation is over a collection of  oscillators whose unperturbed frequencies are given by the set 
, the probability of each value of frequency is given by , 	is the interoscillator coupling strength in 
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the (infinitely-ranged) Kuramoto model  (Eqn. 1 on p. 146 of ) and Δ ω ≝ ω 〈 〉 is the deviation of the 
frequency of a particular oscillator from the mean frequency of the entire set of oscillators,〈 〉. We examine 
the dependence of  on  with a minimalist distribution: all the oscillators have either 	  or 
	  with equal probability. Then we have the following equation for :  
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We conclude that  is independent of . We therefore do not expect the degree of coherence achieved at 
long times to vary as the cells proliferate. 

5. Peclet numbers 

Following the discussion in [3] the Peclet number is the dimensionless number quantifying the ratio of 
advective to diffusive transport, defined as: 

 

where  is a characteristic length of the flow cell,  is the advective flow speed and  is the diffusion 
coefficient of the particle being transported. In our analysis in the main text, we calculated the Peclet 
numbers for small molecules such as cAMP to give an estimate of the range of flow rates in the microfluidic 
experiments that could perturb chemical signaling through the intercellular medium.  

6. Synchronization in monoclonal populations and lineage effects 

We investigated the degree of phase coherence in monoclonal populations, starting from a 1 cell per 4 
mm2 area, which is the minimum cell surface density achievable in our experimental setup. The mean and 
standard deviation of doubling times owing to cell-to-cell variation were 7.3 ± 0.8 hours. We determined this 
based on the experiment presented in Fig. 1 in the main text by manually tracking 55 cells (Fig. S4). 

 

Figure S4. Single cells growth. a, Growth dynamics of single cell growth. b, Distribution of 
single cell doubling times showing cell-to-cell variability. 
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If the cell division is thought of as a random walk process with the mean  7.3 hours and standard 
deviation  0.8 hours (assuming this is unchanged without coupling), we can estimate the number of 
generations needed for the complete loss of lineage effect. The number of generations  needed for the 

standard deviation √  to become equal to the mean  is  80. This is due to the fact that the cell 
division clock is relatively precise with only about 10% error (Fig. S4b). The dynamics of cell size 
distribution and phase coherence for single-cell experiments are shown in Fig. S5 and, as expected, show a 
very strong lineage effect.  

 

Figure S5. Lineage effects in single cell growth. a, Cell size distribution for a monoclonal 
population started from a single cell. b, Phase coherence for the same system showing the 
lineage effect. The cyan line and its spread denote the average and standard deviation for 
random-phase systems for large number of cells. 

 

7. Shear stresses employed are well below the threshold for cellular 
response 

We consider the shear stress on a cell modeled as a thin planar disk on the bottom of our microfluidic 
flow chamber. From [4] we expect that such time-independent low Reynolds number (i.e. friction dominated) 
flow can be approximated as Poiseuille channel flow as follows: We have velocity  in the horizontal 

(x) direction and velocity variation only along the vertical (y) driven by a constant pressure gradient  

according to: 

 

where  is the dynamic viscosity. Applying no slip boundary conditions at the top and bottom of the channel 
0 0, 0 where  is the height of the channel, gives us the solution for the velocity: 
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In our case the volumetric flow Q is experimentally fixed so we have (for channel width given by ) 
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The shear stress  in our device near the wall is then (Eq. 1 in [4]) : 

6
∙

 

For our device [3] we have values 1400	 , 200	  and 0.4	 /  as our maximum 
flow rate (for Peclet number ~10) and we used the dynamic viscosity of water at 25 C, 0.894	 ∙  
[5]. This gives us a maximum shear stress of  6.4 ∙ 10 	 .  

Compared to typical shear stresses needed to induce cell motility and rearrangement of actin 
cytoskeleton in Dictyostelium of about 0.1-0.7 Pa [6] [7], the shear stresses in our experiments are well 
below these (more than two orders of magnitude). In endothelial cells, the lowest shear stresses needed to 
induce responses such as potassium channel activation or the rise of intracellular Ca2+ is on the range from  
2×10-2 Pa to 1 Pa [8]. In the very worst case, the lowest recorded shear stress for these responses in 
endothelial cells is a factor of 30 greater than the highest shear stress in our experiments [9].  Therefore, it is 
very unlikely that the loss of cell cycle coherence observed here (Fig. 2e; main text) is due to shear stress.  
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