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Tumour evolution depends on heritable differences between
cells in traits affecting cell survival or replication. It is well
established that cancer cells are genetically and phenotypically
heterogeneous; however, the extent to which this phenotypic
variation is heritable is far less well explored. Here, we estimate
the broad-sense heritability (H2) of two cell traits related to
cancer hallmarks––cell motility and generation time––within
populations of four cancer cell lines in vitro and find that motility
is strongly heritable. This heritability is stable across multiple cell
generations, with heritability values at the high end of those
measured for a range of traits in natural populations of animals
or plants. These findings confirm a central assumption of cancer
evolution, provide a first quantification of the evolvability of key
traits in cancer cells and indicate that there is ample raw material
for experimental evolution in cancer cell lines. Generation time, a
trait directly affecting cell fitness, shows substantially lower
values of heritability than cell speed, consistent with its having
been under directional selection removing heritable variation.

1. Introduction
Evolutionary processes are acknowledged to play a significant role
in the initiation and progression of cancer, as well as in the
acquisition of traits such as chemotherapy resistance [1–3].
Cancer evolution as a field rests on the reasonable, but rarely
directly tested, assumption that a variety of cellular traits linked
to cancer development and progression are heritable at the level
of the cell population: that is, there is phenotypic variation
between cancer cells, and that at least some of that variation is
due to factors passed on from mother cell to daughter cell, rather
than being caused by environmental factors such as nutrient
availability. For example, explaining the evolution of metastatic
© 2020 The Authors. Published by the Royal Society under the terms of the Creative
Commons Attribution License http://creativecommons.org/licenses/by/4.0/, which permits
unrestricted use, provided the original author and source are credited.

2.1. Cell lines
All cell lines used were laboratory adapted. Three are adenocarcinoma in origin: MCF7 (ATCC® HTB22™) [21], MDA-MB-231 (ATCC® HTB-26™) [22] and HeLa (ATCC® CCL-2™) [23]. HT1080 (ATCC®
CCL-121™) [24] are fibrosarcoma derived. Cell lines were grown as a monolayer in 5% CO2 at 37°C in
minimum essential media containing 10% foetal bovine serum, 1 mM sodium pyruvate and 2 mM
glutamine. MCF7, HT1080 and HeLa cell media also contained 1% non-essential amino acid solution.
Passage numbers were 15–18 for MCF7, 41–44 for MDA-MB-231 and 5–8 for both HeLa and HT1080
cells. Typical laboratory cell culture maintains cell lines at population sizes of 105 to 106.

2.2. Time-lapse microscopy and lineage tracking
In total, 9025 cells were tracked, giving a dataset of 471 573 cell positions at known time points. For each
of 59 time-lapse videos taken, a haemocytometer was used to plate 5000 cells per well onto a 24-well
plate. Six wells per cell line were distributed around the plate. Five points within each well were
chosen at random and images were taken every 20 min over 72 h with a Nikon TiE Time Lapse
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behaviour in terms of dispersal or foraging ecology requires that cells should vary heritably in their
dispersal behaviours [4], and models of intra-tumour competition [5], by definition, assume a
heterogeneous population with heritable differences between cells. The heterogeneity of cancer cells,
whether in tumours or laboratory cell lines, is well established––for instance, a recent multi-omics study
found high levels of both genetic and phenotypic heterogeneity between different populations of HeLa
cells [6]. Using microfluidic devices, it has also been possible to induce and measure migration of single
cells [7] (Yan & Irimia 2014) and to isolate subpopulations for analysis, between which stable
phenotypic differences are seen [8,9]. However, heritability––which is defined in quantitative genetics as
the proportion of trait variance in a population that is due to genetic variation, and which determines
the response to selection [10]––has never been directly measured for any trait in cancer cell populations.
Drastic reductions in the cost of sequencing technology over recent years have provided the cancer
research community with an abundance of genome sequence data, including at a single-cell level [11].
Sequence analysis techniques adapted from population and evolutionary genetics can detect and
measure evolutionary processes in tumours [12], and signatures of natural selection can be detected
by various methods including comparing synonymous and non-synonymous substitution rates [13],
or estimating the relative contributions of neutral and adaptive evolution using distributions of allele
frequencies within tumours [14]. However, while such analyses can show natural selection has
occurred and sometimes identify target genes, they are not always informative as to which phenotypic
traits are the targets of selection. Researchers increasingly recognize the need to complement sequence
data with a clear and quantitative understanding of cell phenotypes, and––where possible––to link
genotype to phenotype [15]. Theoretical models and simulations of cancer evolution, both population
level and agent based, will undoubtedly guide this programme of phenotypic research [16], but these
approaches could be even more valuable if informed by cell-level observational data.
Based on observations of cancer cells over multiple cell generations, we here present cell-level
phenotypic data that allows us to estimate broad-sense heritability (H 2) of two traits within four
clonally reproducing cancer cell lines. Generation time––the time elapsed between cell divisions––is
closely linked to cell fitness. Cell motility is a key step toward metastasis, but confers an uncertain
[17,18], and likely context-dependent [19], selective advantage.
Both generation time and cell motility are observable and quantifiable using time-lapse video
microscopy (figure 1a). Cell lineages must be observed over several generations to give reliable
estimates of heritability, because cytoplasmic factors cause transient similarity between sister cells for
several hours after cell division [20], which will inflate estimates. There is also the possibility that
soon after cell division, over short spatial scales, sister cells could affect one another’s behaviour via
secreted signals, further increasing the similarity between sister cell pairs. We therefore estimate H 2
based on several different cell–cell relationships. By tracking and comparing second-generation clonal
descendants of the same progenitor cell (‘cousin cells’; figure 1b), which have never directly shared
cytoplasm, we can provide the estimates of H 2 that represent stably inherited differences between
clonal lineages.

(a)

(b)
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Figure 1. (a) Example image from a time-lapse video, showing one HT1080 cell lineage as tracked for 11 h 40 min during the 72 h
observation period. Here, a mother cell moved from the upper middle part of the frame to the lower middle (red line) and divided
into two daughter cells, which have since moved outwards to the left and right (green and yellow lines). See electronic
supplementary material, Files for video. (b) Schematic diagram of a cell family over three cell divisions showing the three cell–
cell relationships used to calculate broad-sense heritability. (c) Example of parent–offspring regression for motility, shown here
for the mother cell/daughter cell relationship, in all four cell lines tested. Each point represents a mother cell and the mean
speed of her daughters, and the slope of the regression line is the estimate of broad-sense heritability. Note that axes differ
between graphs due to differences in speed between cell lines. As the cells reproduce clonally, the same method is applicable
to other cell–cell relationships. H2 values for all cell–cell relationships are shown in table 1.

2.3. Statistical analysis

3. Results and discussion
3.1. Cell motility
For all four cell lines, and for all cell–cell relationships considered, the broad-sense heritability (H 2) of
motility is highly significant (figure 1c; table 1). Values of H2 ranged from 0.45 to 0.84, which is high
compared to that of a range of traits in natural [29,30] and agricultural [31] populations. Although no
one statistic adequately describes evolvability, this result does imply that cancer cell populations
contain substantial variation for motility on which natural selection could act. Mutations, stable
epimutations, or both may contribute to this heritable variation [32], and potentially to evolutionary
change [33].

3.2. Generation time
Generation time shows a very different pattern of heritability (table 1). For all lines and all cell relationships,
H 2 values are lower than those for motility. There is no consistent relationship between the two traits: in
two cell lines, faster dividing cells were slower moving (for HeLa, Spearman’s ρ = −0.068; p < 0.001; for
MCF7, ρ = −0.178; p < 0.005); in HT1080, faster dividing cells were faster moving (ρ = 0.072; p < 0.005)
and no significant correlation was seen in MDA-MB-231 (ρ = −0.002; p > 0.1).
Apart from in the HeLa cell line, only sister–sister heritability is consistently significant for generation
time, consistent with variation in this trait being attributable to transient cytoplasmic or nutritional
differences, or perhaps secreted signals––the MDA-MB-231 cell line shows only marginally significant
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Statistical analysis was performed in R [27]. The generation time for a given cell is the time taken for a full
cell cycle from cytokinesis to cytokinesis. Cell motility was calculated as the curvilinear speed of a cell
over its entire individual lifetime: the total Euclidean distance of the path travelled from cell division
to cell division, in microns, divided by its generation time in hours. All cells included in our analysis
were observed for a complete cell cycle; the cells originally plated were therefore excluded, as were
those that moved off-screen, died or had not divided by the end of the tracking period. For this
reason, some cell families contained fewer than six cells. We could detect no significant differences in
cell speed between families containing different numbers of cells, and there was also no significant
difference in cell speed between individual cells that moved off-screen compared to those that were
tracked until division (t-tests, p > 0.05 in every cell line for each test). While it is still possible that we
have failed to track some proportion of faster cells that were more likely to move off-screen over the
tracking period, these results suggest that such an effect is unlikely to be large. There was also no
significant difference between wells (Kruskal–Wallis test; p > 0.05), suggesting that spatial effects––
which could exacerbate similarities between related cells and inflate estimates of heritability––are
minimal. We then estimated broad-sense heritability as the slope parameter of a simple least squares
regression of trait values between clonal cells and their relatives, for all three cell–cell relationships
(figure 1c); that is, our estimate of H 2 is Cov(x, y)/Var(x) where our x and y values are the speeds of
pairs of related cells. Where a cell had multiple tracked daughters or ‘cousins,’ their mean value was
used. This is a modification of standard parent–offspring regression techniques [28] for determining
heritability in clonally reproducing cell families and provides a straightforward way to compare
heritability values calculated from different cell–cell relationships; the structure of our dataset, with
some wells containing very few families, made this a more appropriate method of analysis than a
linear mixed model.
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system. NIS software was used to convert images into a video file for each point. ImageJ and MtrackJ
[25,26] were used to analyse videos, recording cell positions at each timepoint and cell division
events. Our final dataset consisted of cell families: groups of related cells for which we had wholelifespan data on cell motility and generation time over three cell generations (figure 1b). 2048
individual cells (22.7% of cells originally tracked) could usefully be included in our analysis, in that
they were members of cell families in which it was possible to compare at least one pair of ‘cousin
cells’. These comprised 52 families for the cell line MCF7, 141 families for MDA-MB-231, 134 families
for HeLa and 110 families for HT1080.



110

134

HT1080

HeLa

p < 0.01,  p < 0.001.

141

MDA-MB-231



52

MCF7

p < 0.05,

no. of families

12.48 ± 5.23

37.55 ± 10.03

26.82 ± 11.37

10.76 ± 3.74

mean speed (µm hour−1)

24.43 ± 4.46

14.22 ± 4.15

22.46 ± 6.62

24.78 ± 5.88

mean generation time (hours)

(0.65)

0.82



(0.6)

0.62 (0.44)

0.82

(0.55)

0.69



(0.61)

0.45 (0.3)

0.59



0.46 (0.33)

0.5 (0.28)


mother:daughter

sister:sister

(0.41)
0.85



(0.60)

0.56 (0.3)

0.56



0.58 (0.27)

cousin:cousin

0.56

(0.27)

0.4



(0.08)

0.15 (0.02)

0.45 (0.11)


0.10 (0.00)

0.15 (0.01)

mother:daughter

(0.23)

0.47



0.49 (0.35)

sister:sister
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cell line

heritability of generation time H2 (R2)

0.62 (0.36)

0.26 (0.02)

0.27 (0.06)

0.27 (0.03)

cousin:cousin
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heritability of cell motility H2 (R2)

Table 1. Mean trait value (± standard deviation) and broad-sense heritability of motility and generation time, in four cell lines, for three relationships between cells in tracked clonal families. R2 is also given for each
regression.
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Our results confirm an important but previously untested assumption of cancer evolution [38,39] and are
encouraging for the prospect of experimental cancer evolution in vitro, an emerging field that is
beginning to provide new insights into cancer biology and evolution [40–42] in the same way as
microbial experimental evolution has advanced our understanding of adaptation more generally [43].
Similar methods could be used to estimate evolvability parameters in a range of traits, such as cell
adhesion or extracellular matrix degradation, and a range of cell populations. It would be interesting
to compare a range of cancer types with differing tendencies to metastasis––perhaps including
transmissible cancers––and cancers from different patients, including recently isolated lines and
biopsy samples. Primary non-cancerous cells should also be tested: currently, beyond a few measures
of proliferation rate and marker gene expression in Chinese hamster ovaries [44], very sparse data are
available on the extent of heritable phenotypic variation between clonal somatic cells of multicellular
animals, despite this question being highly relevant to the evolution of multicellularity [45]. Yan et al.
[7] measured the speed of individual cancer cells (including MCF-7 cells) in microfluidic channels and
reported no correlation between the speeds of sister cells; the discrepancy between their results and
our own may be because our statistical analysis was more sensitive, or due to differences in
experimental method, such as the use of collagen coating, or the fact that in their experiment, cells
were responding to self-generated ECF gradients in fine capillaries, whereas in ours, the liquid
medium that covered the cells was able to mix more freely and might not have sustained sharp gradients.
Good data on trait heritability are available for a few model species of unicellular eukaryotes. Broadsense heritability estimates obtained for 46 growth traits in Saccharomyces cerevisiae [46] had a median
value of 0.77, and in Neurospora crassa, the heritability of six clock traits [47] ranged from 0.42 to 0.87.
However, both of these experiments started with crosses between geographically disparate strains to
maximize genetic variation. We obtain similar heritability estimates within individual clonal cell lines,
suggesting that cancer cells undergo comparatively rapid phenotypic diversification.
Gene expression data from cells with varying trait values within the same cell line, or comparisons
between selection and control lines after experimental evolution, could reveal possible targets of
selection. Little is currently known about the molecular basis of phenotypic variation within tumours,
although molecular genetic variation is known to be substantial [48,49].
Because heritability is affected by the levels of environmental variation [50], values of heritability
in vivo are likely to differ from in vitro estimates. Further quantitative data on cancer cell populations
either in culture conditions simulating particular conditions of interest in tumour microenvironments,
or within real tumours, are needed to enable the evolutionary dynamics of cancers to be understood
and translated into meaningful in vivo predictions for personalized medicine and to reveal new targets
and therapies for future clinical interventions.
Data accessibility. All data generated and analysed in this study are available at http://dx.doi.org/10.17864/1947.167
Authors’ contribution. A.V.W., P.R.D., T.B.T. and L.J.J. conceived the project. A.V.W. conducted laboratory work and
collected data. G.B. and A.V.W. conducted statistical analyses. All authors contributed to writing the manuscript.
P.R.D. and L.J.J. co-supervised the project and are joint senior authors. All authors gave final approval for
publication and agree to be held accountable for the work performed therein.
Competing interests. No competing interests to declare.
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3.3. Conclusions and future directions

6

royalsocietypublishing.org/journal/rsos

H 2 for generation time between cousins. As the low R2 values indicate, the regression model explained
the data poorly, suggesting there may be other factors not included in our model which would explain
more of the variation.
Differences in heritability between traits could have a variety of causes: traits are likely to vary in
sensitivity to environmental factors, and contributing genes may show different levels of standing
variation. Generally, however, lower values of heritability might be expected for traits such as
generation time which are highly correlated with fitness, as genetic variation is likely to be removed
by natural selection [34]. Conversely, selection can maintain phenotypic variation as well as remove it,
and one might expect to see high heritability of traits under fluctuating or frequency-dependent
selection––which, under some models of evolution, would include motility traits.
The cell lines MCF7 and HeLa are both highly genetically unstable, showing extensive genome
rearrangement [35], high levels of chromosome number variability [36] and many instances of
regional copy number increase [37]. Such cell lines might be expected to show higher H 2 values, and
greater evolvability, due to a greater level of standing genetic variation. This was not borne out for
MCF7 in our data, although HeLa did show high H 2 values compared to the other cell lines tested.

Funding. This work was supported by the University of Reading, the Leverhulme Trust (reference: F/00 239/AL) and an

References
1.

2.

4.

5.

6.

7.

8.

9.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

variation in cancer genomes. Nat. Commun. 3,
1004. (doi:10.1038/ncomms1982)
Meyer M et al. 2015 Single cell-derived clonal
analysis of human glioblastoma links functional
and genomic heterogeneity. Proc. Natl Acad. Sci.
USA. 112, 851–856. (doi:10.1073/pnas.
1320611111)
Gallaher J, Anderson AR. 2013 Evolution of
intratumoral phenotypic heterogeneity: the role
of trait inheritance. Interface Focus 3, 20130016.
(doi:10.1098/rsfs.2013.0016)
Chen J, Sprouffske K, Huang Q, Maley CC. 2011
Solving the puzzle of metastasis: the evolution
of cell migration in neoplasms. PLoS ONE 6,
e17933. (doi:10.1371/journal.pone.0017933)
Arnal A et al. 2015 Evolutionary perspective of
cancer: myth, metaphors, and reality. Evol. Appl.
8, 541–544. (doi:10.1111/eva.12265)
Boddy AM, Huang W, Aktipis A. 2018 Life
history trade-offs in yumors. Curr. Pathobiol.
Rep. 6, 201–207. (doi:10.1007/s40139-0180188-4)
Spencer SL, Gaudet S, Albeck JG, Burke JM, Sorger
PK. 2009 Non-genetic origins of cell-to-cell
variability in TRAIL-induced apoptosis. Nature
459, 428–432. (doi:10.1038/nature08012)
Soule HD, Vasquez J, Long S, Albert S, Brennan
M. 1973 A human cell line from a pleural
effusion derived from a breast carcinoma. J. Natl
Cancer Inst. 51, 1409–1416. (doi:10.1093/jnci/
51.5.1409)
Cailleau R, Young R, Olive M, Reeves WJ. 1974
Breast tumor cell lines from pleural effusions.
J. Natl Cancer Inst. 53, 661–674. (doi:10.1093/
jnci/53.3.661)
Landry JJM et al. 2013 The genomic and
transcriptomic landscape of a HeLa cell line. G3:
Genes, Genomes, Genetics 3, 1213–1224.
(doi:10.1534/g3.113.005777)
Rasheed S, Nelson-Rees WA, Toth EA, Arnstein P,
Gardner MB. 1974 Characterization of a newly
derived human sarcoma cell line (HT-1080).
Cancer 33, 1027–1033. (doi:10.1002/10970142(197404)33:4<1027::AID-CNCR282033
0419>3.0.CO;2-Z)
Schindelin J et al. 2012 Fiji: an open-source
platform for biological-image analysis. Nat.
Methods 9, 676–682. (doi:10.1038/nmeth.2019)
Schneider CA, Rasband WS, Eliceiri KW. 2012
NIH Image to ImageJ: 25 years of image
analysis. Nat. Methods 9, 671–675. (doi:10.
1038/nmeth.2089)
R Core Team. 2018 R: A language and
environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing,
https://www.R-project.org.
Lynch M, Walsh B. 1998 Genetics and analysis of
quantitative traits. Sunderland, MA: Sinauer.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Kruuk LE, Slate J, Wilson AJ. 2008 New answers
for old questions: the evolutionary quantitative
genetics of wild animal populations. Annu. Rev.
Ecol. Evol. S. 39, 525–548. (doi:10.1146/
annurev.ecolsys.39.110707.173542)
Kingsolver JG, Diamond SE, Siepielski AM, Carlson
SM. 2012 Synthetic analyses of phenotypic
selection in natural populations: lessons,
limitations and future directions. Evol. Ecol. 26,
1101–1118. (doi:10.1007/s10682-012-9563-5)
Visscher PM, Hill WG, Wray NR. 2008
Heritability in the genomics era—concepts and
misconceptions. Nat. Rev. Genet. 9, 255–266.
(doi:10.1038/nrg2322)
Richards EJ. 2006 Inherited epigenetic
variation—revisiting soft inheritance. Nat. Rev.
Genet. 7, 395–401. (doi:10.1038/nrg1834)
Skinner MK, Gurerrero-Bosagna C, Haque MM,
Nilsson EE, Koop JAH, Knutie SA, Clayton DH.
2014 Epigenetics and the Evolution of Darwin’s
Finches. Genome Biol. Evol. 6, 1972–1989.
(doi:10.1093/gbe/evu158)
Merilä J, Sheldon BC. 2000 Lifetime reproductive
success and heritability in nature. Am. Nat. 155,
301–310. (doi:10.1086/303330)
Hampton OA et al. 2009 A sequence-level map
of chromosomal breakpoints in the MCF-7
breast cancer cell line yields insights into the
evolution of a cancer genome. Genome Res. 19,
167–177. (doi:10.1101/gr.080259.108)
Yoon DS, Wersto RP, Zhou W, Chrest FJ, Garrett
ES, Kwon TK, Gabrielson E. 2002 Variable levels
of chromosomal instability and mitotic spindle
checkpoint defects in breast cancer.
Am. J. Pathol. 161, 391–397. (doi:10.1016/
S0002-9440(10)64194-6)
Kallioniemi A et al. 1994 Detection and
mapping of amplified DNA sequences in breast
cancer by comparative genomic hybridization.
Proc. Natl Acad. Sci. USA 91, 2156–2160.
(doi:10.1073/pnas.91.6.2156)
Nowell PC. 1976 The clonal evolution of tumor
cell populations. Science 194, 23–28. (doi:10.
1126/science.959840)
Aktipis C, Nesse RM. 2013 Evolutionary
foundations for cancer biology. Evol. Appl. 6,
144–159. (doi:10.1111/eva.12034)
Taylor TB, Johnson LJ, Jackson RW, Brockhurst
MA, Dash PR. 2013 First steps in experimental
cancer evolution. Evol. Appl. 6, 535–548.
(doi:10.1111/eva.12041)
Lai P-L, Chen TC, Feng CY, Lin H, Wu N, Chen Y,
Hsiao M, Lu J, Huang HC. 2019 Selection of a
Malignant Subpopulation from a Colorectal Cancer
Cell Line. bioRxiv 578823. (doi:10.1101/578823)
Acar A et al. 2019 Exploiting evolutionary
herding to control drug resistance in cancer.
bioRxiv 566950. (doi:10.1101/566950)

R. Soc. Open Sci. 7: 191645

3.

Crespi B, Summers K. 2005 Evolutionary biology
of cancer. Trends Ecol. Evol. 20, 545–552.
(doi:10.1016/j.tree.2005.07.007)
Klein CA. 2013 Selection and adaptation during
metastatic cancer progression. Nature 501, 365.
(doi:10.1038/nature12628)
Chisholm RH, Lorenzi T, Lorz A, Larsen AK,
De Almeida LN, Escargueil A, Clairambault J.
2015 Emergence of drug tolerance in cancer cell
populations: an evolutionary outcome of
selection, nongenetic instability, and stressinduced adaptation. Cancer Res. 75, 930–939.
(doi:10.1158/0008-5472.CAN-14-2103)
Amend SR, Gatenby RA, Pienta KJ, Brown JS.
2018 Cancer foraging ecology: diet choice, patch
use, and habitat selection of cancer cells. Curr.
Pathobiol. Rep. 6, 209–218. (doi:10.1007/
s40139-018-0185-7)
Zhang J, Cunningham JJ, Brown JS, Gatenby RA.
2017 Integrating evolutionary dynamics into
treatment of metastatic castrate-resistant
prostate cancer. Nat. Commun. 8, 1816. (doi:10.
1038/s41467-017-01968-5)
Liu Y et al. 2019 Multi-omic measurements of
heterogeneity in HeLa cells across laboratories.
Nat. Biotech. 37, 314–322. (doi:10.1038/
s41587-019-0037-y)
Yan J, Irimia D. 2014 Stochastic variations of
migration speed between cells in clonal
populations. Technology 2, 185–188. (doi:10.
1142/S2339547814200027)
Chen YC, Allen SG, Ingram PN, Buckanovich R,
Merajver SD, Yoon E. 2015 Single-cell migration
chip for chemotaxis-based microfluidic selection
of heterogeneous cell populations. Sci. Rep. 5,
9980. (doi:10.1038/srep09980)
Chen YC et al. 2019 Single-cell RNA-sequencing
of migratory breast cancer cells: discovering
genes associated with cancer metastasis. Analyst
144, 7296–7309. (doi:10.1039/C9AN01358J)
Falconer DS, Mackay TFC. 1996 Introduction to
quantitative genetics. Harlow, UK: Longman.
Lawson DA, Kessenbrock K, Davis RT,
Pervolarakis N, Werb Z. 2018 Tumour
heterogeneity and metastasis at single-cell
resolution. Nat. Cell Biol. 20, 1349–1360.
(doi:10.1038/s41556-018-0236-7)
Williams MJ, Sottoriva A, Graham TA. 2019
Measuring clonal evolution in cancer with
genomics. Annu. Rev. Genomics Hum. Genet. 20,
309–329. (Review in Advance first posted
online May 6). (doi:10.1146/annurev-genom083117-021712)
Graham TA, Sottoriva A. 2017 Measuring cancer
evolution from the genome. J. Pathol. 241,
183–191. (doi:10.1002/path.4821)
Woo YH, Li WH. 2012 DNA replication timing
and selection shape the landscape of nucleotide

7

royalsocietypublishing.org/journal/rsos

anonymous charitable donation.
Acknowledgements. We thank Michael Brockhurst, Jonathan Gibbins, Robert Jackson, Michael Fry, Mark Pagel and Karen
Poulter for comments. G.B. thanks tutors and participants at the 2018 Evolutionary Biology and Ecology of Cancer
Summer School for helpful discussion. The authors have no conflicts of interest to declare.

43.

45.

46.

47.

transition? Annu. Rev. Ecol. Evol. Syst. 38,
621–654. (doi:10.1146/annurev.ecolsys.36.
102403.114735)
Bloom JS, Ehrenreich IM, Loo WT, Lite TL, &
Kruglyak L. 2013 Finding the sources of missing
heritability in a yeast cross. Nature 494,
234–237. (doi:10.1038/nature11867)
Kim TS, Logsdon BA, Park S, Mezey JG, Lee K.
2007 Quantitative trait loci for the circadian
clock in Neurospora crassa. Genetics 177,
2335–2347. (doi:10.1534/genetics.107.077958)

48.

49.

50.

Swanton C. 2012 Intratumor heterogeneity:
evolution through space and time. Cancer Res.
72, 4875–4882. (doi:10.1158/0008-5472.CAN12-2217)
Burrell RA, Swanton C. 2016 Re-evaluating
clonal dominance in cancer evolution. Trends
Cancer 2, 263–276. (doi:10.1016/j.trecan.2016.
04.002)
Houle D. 1992 Comparing evolvability and
variability of quantitative traits. Genetics 130,
195–204.

8

royalsocietypublishing.org/journal/rsos

44.

Lenski RE. 2017 Experimental evolution and the
dynamics of adaptation and genome evolution
in microbial populations. ISME J. 11, 2181.
(doi:10.1038/ismej.2017.69)
Davies SL, Lovelady CS, Grainger RK, Racher AJ,
Young RJ, James DC. 2013 Functional
heterogeneity and heritability in CHO cell
populations. Biotechnol. Bioeng. 110, 260–274.
(doi:10.1002/bit.24621)
Grosberg RK, Strathmann RR. 2007 The
evolution of multicellularity: a minor major

R. Soc. Open Sci. 7: 191645

