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Figure 4: Extracting population-level density data from the stochastic model and comparing those results with the solution of the continuum
limit PDE model. Results in (a)—(c) show a single stochastic simulation of a scratch assay using the same initial distribution of agents as in the
experimental image in Figure 3(a). Snapshots are shown at r = 0,24 and 48 h in (a)—(c), respectively. Results in (d)—(f) show density profiles
obtained by taking the simulation results in (a)—(c) and counting the numbers of each agent type per column across the lattice, and dividing those
numbers by the total number of sites per column. Results in (g)—(i) show averaged density profiles obtained by repeating the stochastic simulations
20 times and averaging the resulting density profiles. Results in (j)—(1) show the solution of Equations (10)—(12) at # = 0, 24 and 48 h, respectively.
In all subfigures the red curves correspond to the density of the red subpopulation, the yellow curves correspond to the density of the yellow
subpopulation, the green curves correspond to the density of the green subpopulation, and the black curves correspond to the total density. All PDE
solutions are obtained on 0 < x < 1310 um, with zero net flux boundary conditions at both boundaries. All results correspond to M, = My = M, = 4
/h, R, = 0.04 /h, R, = 0.17 /h, R, = 0.08 /h and A = 20 um. Zero net flubfboundary conditions are imposed along all boundaries of the lattice.
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All results showing the quality of the continuum-discrete match in Figures 4 and 5 correspond to one particular
choice of parameters. This choice of parameters is useful because it directly reflects parameter estimates that are
obtained from experimental observations [10, 38]. However, in addition to showing the quality of the continuum-
discrete match for this choice of parameters, we repeat the stochastic simulations and PDE solutions presented in
Figure 5 for a range of parameter values and present those results in the Supplementary Material document. These
additional results show that we still obtain a good quality continuum-discrete match, suggesting that the solution of
Equations (10)-(12) provides an good approximate description of the stochastic process over a relatively broad range

of biologically relevant parameter values.

3. Conclusion

In this work we present a new stochastic model of cell migration and cell proliferation that can be used to model
two-dimensional cell migration assays incorporating fluorescent cell cycle indicators. This model involves treating
the total population of cells as three interacting subpopulations: red agents model cells in the G1 phase of the cell
cycle, yellow agents model cells in the early S phase, and green agents model cells in the S/G2/M phase. We explain
how the stochastic model can be used to mimic cell biology assays using recently published data from a scratch assay
with a melanoma cell line and we outline how to parameterise the model using data from the literature. Applying
a mean field approximation, we derive a continuum limit PDE description of the stochastic model. Using repeated
stochastic simulations, we show that the solution of the continuum limit PDE provides a good match to averaged data
from the stochastic model.

There are many ways that our present study could be extended. Here we assume that both the red-to-yellow
transition and the yellow-to-green transition are unaffected by crowding whereas we assume that the green-to-red
transition is affected by crowding since this transition requires the availability of space to accommodate a new daughter
agent on the lattice. However, a more biologically realistic model might allow for each of the red-to-yellow, yellow-
to-green and the green-to-red transitions to depend on the local density. This kind of generalisation, which could
improve how the discrete model matches experimental observations at high density, could be incorporated into the

discrete model by using more sophisticated measures of local density on the lattice [40]. Another feature of our work
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that could be explored further involves the observation that the numerical solution of the continuum limit PDE models
in Figure 5 appears to approach constant speed, constant shape travelling wave solutions. In this work we have not
formally analysed travelling wave solutions of Equations (10)—(12) since we focus on developing mathematical and
computational tools that can be used to interpret images from cell biology experiments. Such experiments do not
typically lead to travelling waves because of the choice of the initial condition, boundary conditions and experimental
timescales considered. For example, typical experimental images in Figures 1(a)—(b) lead to two opposingly directed
fronts and will never form a unidirectional travelling wave. Furthermore, the simulation results in Figure 5 suggest
that even after a time period of 240 h the constant shape travelling wave profile is still developing. Nonetheless,
it would still be possible to examine travelling wave solutions of Equations (10)—(12) by introducing a change of
coordinates, z = x—ct, where ¢ > 0 is the speed of the travelling wave solution moving in the positive x direction. This
transformation leads to a system of six nonlinear first order ordinary differential equations that could be analysed in
phase space using dynamical systems theory. The analysis of this system would be complicated by its high dimension

and the nonlinear diffusion terms. We leave this work for future consideration.

4. Appendix A: Taylor series expansions

The key step in deriving the continuum limit description is to use truncated Taylor series to express the occupancy

of certain nearest neighbour lattice sites, depicted in Figure 1(d), to the central lattice site. For the lattice geometry
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and nomenclature in Figure 1(d), the following truncated Taylor series are useful
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To derive the continuum limit PDEs we substitute the truncated Taylor series into Equations (4)—(6). Before doing
6

so it is useful to identify certain key terms in these discrete conservation statements, such as Z fs,» where f; denotes
s=1

the function, f(x,y), evaluated at the s nearest neighbour lattice site as shown in Figure 1(d). Summing Equations

(13)—(18) allows us to write

6

D h=6fxy+

s=1

3 [P fxny) | PfY)

3 02 o2 } +0(A), (19)

which is a useful result that we can use to simplify the algebraic expressions that we encounter when passing from

Equations (4)—(6) to (7)-(9).

20


http://dx.doi.org/10.1101/273995

bioRxiv preprint first posted online Mar. 1, 2018; doi: http://dx.doi.org/10.1101/273995. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

All rights reserved. No reuse allowed without permission.

Acknowledgements

This work is supported by the Australian Research Council, DP170100474. Wang Jin is supported by a QUT

Vice Chancellor’s Research Fellowship. Jacob Ryan and Tamara Tambyah are both supported by the Australian

Mathematical Sciences Institute (AMSI) through an AMSI Vacation research scholarship.

(1]
[2]
[3]
[4]
[3]
[6]
[7]

[8]
[9]
[10]

(11]

[12]

[13]

[14]
(15]
(16]
(17]
[18]
[19]
[20]
(21]
(22]

(23]

Johnston ST, Simpson MJ, McElwain DLS (2014) J Royal Soc Interface. 11, 20140325.

Callaghan T, Khain E, Sander LM, Ziff RM (2006) J Stat Phys. 122, 909-924.

Cai A, Landman KA, Hughes BD (2009) J Theor Biol. 245, 576-594.

Kam Y, Guess C, Estrada L, Weidow B, Quaranta V (2008)BMC Cancer. 8, 198-210.

Deroulers C, Aubert M, Badoual M, Grammaticos B (2009) Phys Rev E. 79, 031917.

Khain E, Katakowski M, Charteris N, Jiang F, Chopp M (2012) Phys Rev E. 86, 011904.

Mort RL, Ross RJH, Hainey KIJ, Harrison OJ, Keighren MA, Landini G, Baker RE, Painter KJ, Jackson 1J, Yates CA (2016) Nat Comms.
7:10288.

Simpson MJ, Landman KA, Newgreen DF (2006) J Comput Appl Math. 192, 282-300.

Kramer N, Walzl A, Unger C, Rosner M, Krupitza G, Hengstschlager M, Dolznig H (2013) Mut Res-Rev Mutat. 752: 10-24.

Haass NK, Beaumont KA, Hill DS, Anfosso A, Mrass P, Munoz MA, Kinjyo I, Weninger W (2014) Pigment Cell Melanoma Res. 27, 764-776.
Sakaue-Sawano A, Kurokawa H, Morimura T, Hanyu A, Hama H, Osawa H, Kashiwagi S, Fukami K, Miyata T, Miyoshi H, Imamura T,
Ogawa M, Masai H, Miyawaki A (2008) Cell. 132, 487-498.

Beaumont KA, Hill DS, Daignault SM, Lui GY, Sharp DM, Gabrielli B, Weninger W, Haass NK (2016) J Invest Dermatol. 136, 1479-1489.
Bajar BT, Lam AJ, Badiee RK, Oh Y-H, Chu J, Zhou XX, Kim N, Kim BB, Chung M, Yablonovitch AL, Cruz BF, Kulalert K, Tao JJ, Meyer
T, Su X-D, Lin MZ (2016) Nat Methods. 13:993-996.

Vittadello ST, McCue SW, Gunasingh G, Haass NK, Simpson MJ (2018) bioRxiv https://www.biorxiv.org/content/early/2017/12/21/238303
Haass NK, Gabrielli B (2017) Exp Dermatol. 26: 649-655.

Davies H et al. (2002) Nature 417, 949-954.

Gray-Schopfer V, Wellbrock C, Marais R (2007) Nature. 445, 851-857.

Simpson MJ, Landman KA, Hughes BD (2009) Physica A. 388, 399-406.

Liggett TM (1999) Stochastic Interacting Systems: Contact, Voter and Exclusion Processes. Springer-Verlag.

Simpson MJ, Landman KA, Hughes BD (2010) Physica A. 389, 3779-3790.

Painter KJ, Hillen T (2002) Canadian App! Math Q. 10, 501-543.

Warne DJ, Baker RE, Simpson MJ (2017) Biophys J. 113, 1920-1924.

Almet AA, Pan A, Hughes BD, Landman KA (2015) Physica A. 437, 119-129.

21


http://dx.doi.org/10.1101/273995

bioRxiv preprint first posted online Mar. 1, 2018; doi: http://dx.doi.org/10.1101/273995. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

[24] Ross RJH, Yates CA, Baker RE (2017) Physica A. 466, 334-345.

[25] Dyson L, Maini PK, Baker RE (2012) Phys Rev E. 86, 031903.

[26] Dyson L, Maini PK, Baker RE (2015) J Math Biol. 71, 691-711.

[27] Bruna M, Chapman SJ (2012) Phys Rev E. 85, 011103.

[28] Bruna M, Chapman SJ (2012) J Chem Phys. 137, 204116.

[29] Irons C, Plank MJ, Simpson MJ (2016) Physica A. 442, 110-121.

[30] Anderson ARA, Chaplain MAJ (1998) Bull Math Biol. 60, 857-899.

[31] Painter KJ, Sherratt JA (2003) J Theor Biol. 225, 327-339.

[32] Alarcon T, Byrne HM, Maini PK (2003) J Theor Biol. 225, 257-274.

[33] Cheeseman BL, Zhang D, Binder BJ, Newgreen DF, Landman KA (2014) J Royal Soc Interface. 11, 20130815.
[34] Cheeseman BL, Newgreen DF, Landman KA (2014) J Theor Biol. 363, 344-356.

[35] Gillespie DT (1977) J Phys Chem. 81, 2340-2631.

[36] Codling E, Plank MJ, Benhamou S (2008) J Royal Soc Interface. 5, 813-834.

[37] Jin W, Shah ET, Penington CJ, McCue SW, Chopin LK, simpson MJ (2016) J Theor Biol. 390, 136-145.

[38] Treloar KK, Simpson MJ, Haridas P, Manton KIJ, Leavesley DI, McElwain DLS, Baker RE (2013) BMC Syst Biol. 7, 137.
[39] Image] Cell Counter. https://imagej.nih.gov/ij/plugins/cell-counter.html (Accessed, March 2018).

[40] Jin W, Penington CJ, McCue SW, Simpson MJ (2016) Phys Biol. 13, 056003.

22


http://dx.doi.org/10.1101/273995

