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Abstract

Heterogeneity in tumors is recognized as a key contributor to
drug resistance and spread of advanced disease, but deep
characterization of genetic variation within tumors has only
recently been quantifiable with the advancement of next gen-
eration sequencing and single cell technologies. These data
have been essential in developing molecular models of how
tumors develop, evolve, and respond to environmental
changes, such as therapeutic intervention. A deeper under-
standing of tumor evolution has subsequently opened up new
research efforts to develop mathematical models that account
for evolutionary dynamics with the goal of predicting drug
response and resistance in cancer. This study describes
recent advances and limitations of how models of tumor evo-
lution can impact treatment strategies for cancer patients.
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Introduction

Heterogeneity in cancer refers to the many ways that
tumors can vary between and within patients [1].
Within an individual, intertumor heterogeneity de-
scribes the difference between spatially separated
tumors, whereas intratumor heterogeneity is the
variation seen within an individual tumor. Heteroge-
neity is observed at the genetic and phenotypic level,
where genetic heterogeneity captures the diversity of
genetic alterations in tumor cells (e.g., point muta-
tions, indels, structural variants), and phenotypic
heterogeneity refers to how cells from the same ge-
netic background can present different phenotypic
states (e.g., morphology, differentiation, biomarker
expression, the likelihood of therapeutic response).
For the purpose of modeling therapeutic response,
the study authors draw a distinction in that selection
of cells in response to treatment occurs at the
phenotypic level (e.g., rapidly growing cells are killed
by chemotherapeutic agents), where tumor evolution
occurs at the genetic level with clonally expanding
populations passing on somatic alterations (e.g., loss
of TP53 allowing damaged cells to expand). For a
complementary opinion of how phenotypic hetero-
geneity affects drug treatment and response, see
Heiser and Meyer [56]. Here, we will focus on how
mathematical models can account for genetic het-
erogeneity in predicting therapeutic response.

Mathematical modeling has long been used as a way to
capture the essential elements and interactions of a
biological system [2—6]. The goal is to link the
dependent variables or outputs (e.g., growth, invasion,
response to treatment) via mathematical equations to
the inputs of the model (e.g., transcript level, protein
abundance). If properly constructed, the model should
faithfully recapitulate the biological system. In turn, the
model can be used to simulate how perturbations to the
system will affect outputs. Here, we will explore
different mathematical modeling approaches that ac-
count for tumor heterogeneity and how different the-
ories of tumor evolution can be used to design treatment
regimens.
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Measuring genetic heterogeneity

Our ability to capture the resolution needed to charac-
terize genetic tumor heterogeneity has been driven by
advances in next-generation sequencing technology,
which can produce output for tens of billions of nucleo-
tides, and our ability to isolate different genetic elements
to be sequenced (e.g., exome capture, chromatin
immunoprecipitation). Bulk RNA and DNA sequencing,
where a tumor resection/biopsy consists of hundreds to
millions of cells is sequenced in aggregate, has been the
dominant form of sequencing used to date. Bulk
sequencing has been a boon to cancer research and has
been used to characterize the genomic landscape of all
major cancer types [7]; however, bulk sequencing has
limitations. Although there are computational methods
to successfully “deconvolute” different immune and
other stromal cell populations from the sample [8], along
with estimating tumor clonality and ploidy [9—11],
subpopulations of cancer cells are simply missed because
they are at a lower fraction of the tumor than can be
detected. Targeted, deep sequencing methods have
been developed to resolve cells at a 1/10,000 fraction of
the population, but these approaches can only be applied
to a limited number of predefined genomic regions [12].
More recently, technologies have been developed to
generate RNA and DNA sequencing at single-cell reso-
lution [13]. These methods provide the single-cell
measurements that are needed to truly identify rare
subpopulations of cells, but these technologies are very
costly, present new statistical and bioinformatic chal-
lenges [14] and remain almost exclusively used in the
research setting, with limited clinical applications [15].

Although technological advancements in measuring
tumor -omics are valuable, even more fundamental
experimental factors can limit our ability to properly
sample tumors spatially and temporally. A needle biopsy,
for example, will only provide a small cross-section of a
solid tumor, which can miss entire subpopulations of
cells because of sampling bias [14]. Multiregion
sequencing is an approach to sample independent re-
gions of the tumor to increase spatial resolution and
reduce bias. However, multiple biopsies of a tumor (or
multiple tumors) in a person is highly invasive and
impractical for tumors in sensitive regions, such as the
brain. Temporal resolution of genetic heterogeneity can
also be a challenge. Serial biopsies of solid tumors during
or after treatment can be highly invasive and cause more
harm to patients, yet knowing how subpopulations of
cancer cells change over time is important for adjusting
treatments to how the tumor evolves. Liquid biopsies
have been proposed as an approach to serially sample
tumor content from a simple blood draw. It has been
reported that over 50% of mutations found in primary
and metastatic tumors can be identified by sequencing
circulating tumor cells [16—18]. These results are
promising and liquid biopsies could potentially be used

to identify when different subpopulations arise in the
tumor during treatment, yet it remains unclear what the
relationship is between the growth of subpopulations in
tumors and when these subpopulations can be detected
through circulating tumor cells.

Models of genetic heterogeneity

"To develop rationally designed and molecularly targeted
treatment strategies, we must understand w/hen genetic
heterogeneity develops in tumors and how tumors evolve
under the selective pressures of drug treatment. If, for
example, the tumor evolves from a single clone and gains
somatic alterations in a sequential manner through
growth and in response to treatment, then this sets up a
constant arms race between the patient’s cancer and the
oncologist where treatments select for certain genotypes.
If, on the other hand, the actionable somatic alterations
are present from tumor initiation, then it would stand to
reason that the full array of alterations can be identified
and a treatment strategy can be designed to hit the
actionable targets or treatment can be adjusted based on
which subpopulation is more prevalent.

A variety of models that describe the evolution of
tumors and capture the timing of when somatic alter-
ations arise have been presented [19—21]. Here, we will
focus on two prevalent theories of tumor evolution.
First, the selective sweep model, posits that cells arise in
the tumor because they have a selective growth advan-
tage and the subsequent progeny expand to sweep
across the population. These cells will expand until
another genetic alteration arises that provides a new
selective growth advantage. The growth advantage is
specific to the local tumor environment and if that
environment changes, with the treatment of a drug, for
example, a different cell population will then have the
growth advantage [22]. More recently, an alternative
model of tumor evolution has been proposed, where the
mutations central to progression occur very early in
tumor development. This “Big Bang” model of tumor
evolution suggests that tumors are genetically hetero-
geneous from initiation and subsequent genetic alter-
ations are modifications that build on the original
ancestral cancer-driving alterations [23].

The selective sweep model suggests that a bottleneck
event, such as a drug treatment, would select for
existing subclones and potentially induce novel mu-
tations that have a fitness advantage in the presence of
treatment. In the context of precision oncology, and
illustrated in Figure 1A, a tumor biopsy, which will be
biased and sample only a subsection of the tumor, is
collected to generate a molecular diagnostic report. A
treatment is then selected based on the molecular
features of the biopsy. This treatment then selects for
the resistant populations that allows the tumor to
bypass treatment and resume growth. Under this
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Two models of tumor evolution under selective treatment pressure. A precision oncology approach where a tumor biopsy (red dashed ovals) is taken
and a molecular diagnostic report is generated to select treatments based on the limited view to the overall disease (large red circle). (a) The selective
sweep model allows for genetic alterations (*) to arise, which present the cells with a growth advantage and these subpopulations sweep through the
population. Under treatment, genetic alterations can arise because of the drug directly, or through selection for a pre-existing subclone. (b) In the Big
Bang model, driving alterations are present when the tumor arises with resistant populations being present at low frequencies until the drug treatment

selects for that pre-existing population.

model, subsequent treatments would select for
subclones in the population that are resistant to the
treatment. This model suggests that the tumor is
constantly adapting to treatment and new subclones
will arise that provide a growth advantage over other
cells under treatment. Molecular diagnostic reports
must be run to identify the new genetic alterations and
knowing the genetic make-up of the ancestral tumor
will not aide in developing a mathematical model for
treatment.

The Big Bang model offers an alternative view of tumor
evolution. Under this model, tumor driving alterations
and treatment resistance clones arise at or near tumor
initiation, implying that resistant cell subpopulations
are present from the beginning and it is only through
selective treatment pressure that these cells are given

the opportunity to expand. Evidence for this model has
recently found in colorectal cancer [23] and supported
in other cancer types [24—26]. Applying the same
treatment paradigm (Figure 1B), a tumor biopsy is
collected, molecular diagnostic generated, and treat-
ment selected. Under the Big Bang model, although
cells can acquire mutations over time, subpopulations of
cells that will arise after treatment are present from
tumor initiation and treatment only selects for pre-
existing populations. This model suggests that all
potentially therapeutically targetable populations of
tumor cells are present when the tumor is first identi-
fied in the clinic. Therefore, if we know the complete
genetic content of the ancestral tumor, we can design
treatment strategies that will target the appropriate cell
lineages and potentially avoid selecting for treatment
resistance. This study describes a clinical trial in
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prostate cancer by Zhang et al. [27] that successfully
applies these concepts in the following section.

Mathematical models of treatment response
that incorporate genetic heterogeneity

A major ambition of cancer systems biology is to develop
mathematical models that can predict long-term treat-
ment response for patients. To faithfully recapitulate
tumor development and response to treatment, these
models must consider genetic heterogeneity and tumor
evolution [28,29]. Here, the study authors focus on the
recent efforts that apply principles of game theory as a
framework to capture genetic heterogeneity and predict
corresponding drug response [30,31].

Game theory uses mathematical models to describe the
interactions and strategic responses between rational
decision-making entities [32]. This approach has been
used to model cooperation or competition among cancer
cells [30]. Of course, cancer cells are not making rational
decisions, but respond according to deterministic
cellular mechanisms [31]. Nevertheless, an oncologist
will make rational decisions based on the fullest set of
information about the patient’s cancer and the cells
comprising tumors will respond accordingly. Knowing
how different cells will respond to treatment and
knowing the cellular composition of tumors will allow
the oncologist to make the best treatment decisions. A
key assumption is that genetic alterations arising to
exhibit a complex trait, such as resistance to a treat-
ment, comes at some fitness cost to the cell. Tumor cells
are competing with each other for local resources and a
genetic alteration that leads to treatment resistance is
likely to present a growth disadvantage under
nontreatment, neutral conditions, but an advantage
under the selective pressure of drug treatment. There
are always tradeoffs in carrying different genetic alter-
ations and it is the environment combined with exoge-
nous stimulus that determine which genetic alterations
are more fit. Applying game theory principles to simu-
late population dynamics requires assumptions about
the types of subclonal populations, their interactions,
the microenvironment [33], time and space [34], and
the initial relative quantities of key subpopulations [30].
Careful formulation of these assumptions is essential, as
some are counter-intuitive, such as the observation that
the immune system promotes tumor growth under
certain circumstances [35] and that optimal drug com-
binations do not necessarily hit their corresponding
target subpopulations in the sample directly [34].

The appeal of game theory for cancer treatment lies in
the asymmetry of the game from the perspective of the
oncologist, who has the opportunity to intervene with
treatments that changes the tumor environment. The
oncologist can make treatment decisions based on prior

knowledge and the information measured from a pa-
tient’s cancer (Figure 2A). Without knowing the
genomic landscape of the patient’s cancer, the oncolo-
gist is limited to their prior medical training and the
advantage is tilted only slightly in favor of the oncologist.
However, with a more complete picture of the genetic
composition of the tumor, along with an understanding
on how mechanisms of resistance arise, the chances are
increased that the oncologist will choose a strategy that
will more effectively treat the cancer. This information
can be used to build mathematical models, and then run
simulations to evaluate treatment strategies i sifico
(Figure 2B) to identify the most effective treatment
strategy given the composition of the tumor
(Figure 2C). In the ideal scenario, the oncologist would
have perfect knowledge of every cell in the tumor and
surrounding stroma, and have a complete understanding
of all mechanisms of treatment response and resistance.
Although this scenario is clearly aspirational, as we
described in the previous section, technological ad-
vances are allowing researchers to measure molecular
features of tumor cells at an even increasingly fine res-
olution [36—38]. Major efforts, such as the Human
Tumor Atlas are generating robust, detailed molecular
measurements across an array of tumor types [39].

As researchers gain functional knowledge of tumor
development and treatment response, the advantage
increasingly shifts to the oncologist. We see examples of
such insights impacting clinical practice today. A recent
and successful clinical application of applying game
theory principles can be found in an adaptive clinical
trial for treatment of metastatic, castration-resistant
prostate cancer. Adaptive or flexible clinical trials allow
for modification of treatments based on patient response
[40]. Zhang et al. [27] designed a treatment schedule
based on a mathematical model of how three proposed
prostate cancer cell subpopulations grow and interact
with each other under androgen stimulation and depri-
vation (i.e., treatment with abiratirone). The authors
were able to simulate different treatment scenarios
using prostate specific antigen (PSA) levels as a proxy
for tumor growth/response. They arrived at a treatment
schedule where a patient was given abiraterone until
PSA levels drop to 50% of the patient’s PSA level before
treatment. The patient was taken off abiraterone until
their PSA levels rose again. The results of this clinical
trial showed that one of the 11 patients in the adaptive
arm of the trial progressed, whereas 14 of 16 patients
progressed using standard of care treatment [27].

The work by Zhang et al. [27] represents an alternative
approach to treating certain cancers as a chronic disease,
rather than with the objective of eliminating the en-
tirety of a patient’s cancer. Prostate cancer is a multi-
focal disease and the heterogeneity it displays might
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Overview into population dynamics driven modeling. Modeling several subpopulations and their dynamics allows one to simulate effects arising from
genotypic variation across different treatment scenarios, including different drug targets, dosage, and scheduling. (a) In this example, there are three cell
populations that vary in their response to two drugs (Dx and Dy). The clinical aim is to suppress the growth of population P, while maintaining P4 and Pg.
(b) Dynamic models can be used to simulate the impact on the different cell populations in response to potential intervention strategies. (¢) Based on
measurements of tumor heterogeneity and subpopulation composition from a patient’s tumor, the most effective treatment strategy can be identified. In
this example, an adaptive treatment strategy, where the drugs are adjusted based on how the subpopulations change over time would accomplish the

objective to suppress P¢ and maintain P4 and Pg.

preclude it from being completely eliminated. PSA
levels are also an easily measured biomarker of disease
progression, so prostate cancer is a particularly appealing
cancer for this approach. Similarly, cancers that have
advanced to a point where rational therapeutic efforts to
cure the disease will likely not be successful are also
potential candidates for this approach. Although spec-
ulative, it is likely that for more heterogenous cancers
with many more subpopulations to model and target, the
shift to treating it as a chronic disease could be the
better approach. A major caveat to Zhang et al. [27] is
that PSA levels are a proxy for the three-cell-type model.
The model itself cannot be directly tested because it
would require frequent, invasive sampling of a patient
tumors, which would cause unnecessary harm to the
patient. Despite these caveats, the results presented by
Zhang et al. [27] demonstrate that alternative treat-
ment strategies can be based on mathematical models
with great success.

Future challenges

The underlying premise of precision oncology is that
molecular profiling of one’s cancer holds the key to
designing the most effective treatment. The data
generated from bulk, multiregional, single cell and deep,
targeted sequencing suggest that subpopulations of
cancer driving and treatment resistance cells are in fact
present from the early stages of cancer development
[14,23—26]. These findings are encouraging from the
perspective that if we are able to characterize the

genetic content of a tumor, then we will have the
necessary information to design highly effective treat-
ment strategies. However, current clinical practice, for
example, in sampling the tumors, has not yet fully
reached this point. Here, the study authors discuss some
of the major challenges in adopting such approaches to
practical cancer treatment.

Although there are tremendous success stories [41—43],
current molecular diagnostics reveal actionable targets
in a limited number of patients [44,45], and even then,
the cancer often develops resistance to treatment.
Current molecular diagnostic tests simply do not have
the resolution to properly sample genetic heterogeneity
from a tumor biopsy [46]. In addition, a biopsy is an
incomplete snapshot of an evolving tumor, thus the
ancestral state, spatial distribution of heterogeneity, and
trajectory of tumor development is unknown. Each of
these points presents major challenges for technologies
aimed at measuring genetic heterogeneity.

Major international, collaborative efforts (e.g., TCGA,
ICGC) have generated petabytes of bulk sequencing
data across tens of thousands of tumors. A technical
challenge that can be addressed today is the harmoni-
zation of existing, large-scale -omics data sets and
associating these data sets with clinical outcomes from
patient medical records. A great deal of knowledge can
be gained from studying multiple independent patient
cohorts [47—49], yet most cancer types do not have a
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comprehensive and harmonized set of data to derive
novel insights and test new hypotheses. There is a
treasure trove of cancer -omic data already generated
and a concerted effort to harmonize these data sets
would provide some of the data necessary to develop
more robust mathematical models of tumor evolution
and treatment response and we can begin to address
some fundamental questions. For example, it remains an
open question whether bulk sequencing is sufficient to
infer ancestral states, subclonal selection, and evolu-
tionary dynamics in the context of treatment [50—52].

Other challenges will require the generation of new
data. Deep -omic profiling of even a few patients can
reveal a great deal about genetic heterogeneity and
tumor development. Because of undersampling of
intratumoral heterogeneity [53], sampling multiple
tumor foci and also serially sampling tumors during
treatment are needed before, during, and after treat-
ment. Although a challenge to collect, these data will be
critical for not only testing mathematical models, but
also being able to adjust the model based on a patient’s
response to treatment [4]. There are fascinating possi-
bilities in applying mathematical modeling to immuno-
therapies, considering the interactions with tumor,
stromal, and immune cells [54,55]; samples are now
being collected and the associated data being generated
to address this challenge.

Finally, we must get to the point where clinical trials will
be open to incorporating mathematical models to aide in
treatment decisions. The work by Zhang et al. [27] is an
excellent demonstration of what can be gained by
incorporating treatment strategies developed from
mathematical models into clinical trials. Future work
should continue on this trajectory with the goal of
improving patient survival and quality of life. As our
knowledge improves, so will the models of treatment
resistance, and subsequently how we treat patients. The
studies presented here represent the start of novel ap-
proaches to treat cancer and we foresee mathematical
modeling playing major roles in future clinical
applications.

Conflict of interest statement
Nothing declared.

Acknowledgements
This work was supported by the Boettcher Foundation, Finnish Cultural
Foundation and the Academy of Finland (grant 310507).

References
Papers of particular interest, published within the period of review,
have been highlighted as:
* of special interest
** of outstanding interest

1. Bedard PL, Hansen AR, Ratain MJ, Siu LL: Tumour heteroge-
neity in the clinic. Nature 2013, 501:355—-364.

10.

11.

12.

13.

15.

16.

17.

18.

19.

21.

Byrne HM, Alarcon T, Owen MR, Webb SD, Maini PK: Modelling
aspects of cancer dynamics: a review. Philos Transact A Math
Phys Eng Sci 2006, 364:1563—1578.

Deakin MAB: Modelling biological systems. In Dynamics of
complex interconnected biological systems. Edited by Vincent TL,
Mees Al, Jennings LS, Boston: Birkhduser; 1990:2—16.

Michor F, Beal K: Improving cancer treatment via mathemat-
ical modeling: surmounting the challenges is worth the effort.
Cell 2015, 163:1059—-1063.

Abbott LH, Michor F: Mathematical models of targeted cancer
therapy. Br J Canc 2006, 95:1136—1141.

Altrock PM, Liu LL, Michor F: The mathematics of cancer:
integrating quantitative models. Nat Rev Cancer 2015, 15:
730-745.

Lawrence MS, Stojanov P, Mermel CH, Robinson JT,
Garraway LA, Golub TR, Meyerson M, Gabriel SB, Lander ES,
Getz G: Discovery and saturation analysis of cancer genes
across 21 tumour types. Nature 2014, 505:495-501.

Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y,
Hoang CD, Diehn M, Alizadeh AA: Robust enumeration of cell
subsets from tissue expression profiles. Nat Methods 2015,
12:453-457.

Carter SL, Cibulskis K, Helman E, McKenna A, Shen H, Zack T,
Laird PW, Onofrio RC, Winckler W, Weir BA, et al.: Absolute
quantification of somatic DNA alterations in human cancer.
Nat Biotechnol 2012, 30:413—-421.

Ahn J, Yuan Y, Parmigiani G, Suraokar MB, Diao L, Wistuba Il ,
Wang W: DeMix: deconvolution for mixed cancer tran-
scriptomes using raw measured data. Bioinformation 2013, 29:
1865—-1871.

Stopsack KH, Whittaker CA, Gerke TA, Loda M, Kantoff PW,
Mucci LA, Amon A: Aneuploidy drives lethal progression in
prostate cancer. Proc Natl Acad Sci 2019, 116:
11390-11395.

Liggett LA, Sharma A, De S, DeGregori J: FERMI: a novel
method for sensitive detection of rare mutations in somatic
tissue. Genes Genomes Genet 2019, https://doi.org/10.1534/
g3.119.400438.

Shapiro E, Biezuner T, Linnarsson S: Single-cell sequencing-
based technologies will revolutionize whole-organism sci-
ence. Nat Rev Genet 2013, 14:618-630.

Pogrebniak KL, Curtis C: Harnessing tumor evolution to
circumvent resistance. Trends Genet 2018, 34:639—-651.

Wang Y, Navin NE: Advances and applications of single-cell
sequencing technologies. Mol Cell 2015, 58:598—609.

Heitzer E, Auer M, Gasch C, Pichler M, Ulz P, Hoffmann EM,
Lax S, Waldispuehl-Geigl J, Mauermann O, Lackner C, et al.:
Complex tumor genomes inferred from single circulating
tumor cells by array-CGH and next-generation sequencing.
Cancer Res 2013, 73:2965—-2975.

Ni X, Zhuo M, Su Z, Duan J, Gao Y, Wang Z, Zong C, Bai H,
Chapman AR, Zhao J, et al.: Reproducible copy number vari-
ation patterns among single circulating tumor cells of lung
cancer patients. Proc Natl Acad Sci U S A 2013, 110:
21083-21088.

Lohr JG, Adalsteinsson VA, Cibulskis K, Choudhury AD,
Rosenberg M, Cruz-Gordillo P, Francis JM, Zhang C-Z,
Shalek AK, Satija R, et al.: Whole-exome sequencing of
circulating tumor cells provides a window into metastatic
prostate cancer. Nat Biotechnol 2014, 32:479—-484.

Gupta RG, Somer RA: Intratumor heterogeneity: novel ap-
proaches for resolving genomic architecture and clonal
evolution. Mol Cancer Res 2017, 15:1127-1137.

Turajlic S, Sottoriva A, Graham T, Swanton C: Resolving genetic
heterogeneity in cancer. Nat Rev Genet 2019, https://doi.org/
10.1038/s41576-019-0114-6.

Robertson-Tessi M, Anderson ARA: Big Bang and context-
driven collapse. Nat Genet 2015, 47:196—197.

www.sciencedirect.com

Current Opinion in Systems Biology 2019, 17:8—-14


http://refhub.elsevier.com/S2452-3100(19)30024-1/sref1
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref1
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref2
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref2
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref2
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref3
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref3
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref3
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref4
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref4
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref4
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref5
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref5
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref6
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref6
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref6
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref7
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref7
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref7
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref7
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref8
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref8
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref8
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref8
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref9
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref9
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref9
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref9
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref10
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref10
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref10
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref10
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref11
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref11
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref11
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref11
https://doi.org/10.1534/g3.119.400438
https://doi.org/10.1534/g3.119.400438
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref13
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref13
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref13
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref14
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref14
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref15
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref15
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref16
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref16
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref16
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref16
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref16
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref17
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref17
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref17
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref17
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref17
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref18
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref18
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref18
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref18
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref18
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref19
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref19
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref19
https://doi.org/10.1038/s41576-019-0114-6
https://doi.org/10.1038/s41576-019-0114-6
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref21
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref21
www.sciencedirect.com/science/journal/24523100

14

22.

23.

* %

24.

* %

26.

27.

* %

28.

29.

30.

* *

31.

* %

32.
33.

34.

35.

36.

37.

38.

39.

40.

9.

Cancer and systemic diseases

Nowell PC: The clonal evolution of tumor cell populations.
Science 1976, 194:23-28.

Sottoriva A, Kang H, Ma Z, Graham TA, Salomon MP, Zhao J,
Marjoram P, Siegmund K, Press MF, Shibata D, et al.: A Big
Bang model of human colorectal tumor growth. Nat Genet
2015, 47:209-216.

Brady SW, McQuerry JA, Qiao Y, Piccolo SR, Shrestha G,
Jenkins DF, Layer RM, Pedersen BS, Miller RH, Esch A, et al.:
Combating subclonal evolution of resistant cancer pheno-
types. Nat Commun 2017, 8:1231.

Lee J-K, Wang J, Sa JK, Ladewig E, Lee H-O, Lee I-H, Kang HJ,
Rosenbloom DS, Camara PG, Liu Z, et al.: Spatiotemporal
genomic architecture informs precision oncology in glio-
blastoma. Nat Genet 2017, 49:594—-599.

Baca SC, Prandi D, Lawrence MS, Mosquera JM, Romanel A,
Drier Y, Park K, Kitabayashi N, MacDonald TY, Ghandi M, et al.:
Punctuated evolution of prostate cancer genomes. Cell 2013,
153:666-677.

Zhang J, Cunningham JJ, Brown JS, Gatenby RA: Integrating
evolutionary dynamics into treatment of metastatic castrate-
resistant prostate cancer. Nat Commun 2017, 8:1816.

Turner NC, Reis-Filho JS: Genetic heterogeneity and cancer
drug resistance. Lancet Oncol 2012, 13:178-185.

Dagogo-Jack |, Shaw AT: Tumour heterogeneity and resis-
tance to cancer therapies. Nat Rev Clin Oncol 2018, 15:81-94.

Archetti M, Pienta KJ: Cooperation among cancer cells:
applying game theory to cancer. Nat Rev Cancer 2019, 19:
110-117.

Stankova K, Brown JS, Dalton WS, Gatenby RA: Optimizing
cancer treatment using game theory: a review. JAMA Oncol
2018, https://doi.org/10.1001/jamaoncol.2018.3395.

Weibull JW: Evolutionary game theory. MIT Press; 1997.

Lloyd MC, Cunningham JJ, Bui MM, Gillies RJ, Brown JS,
Gatenby RA: Darwinian dynamics of intratumoral heteroge-
neity: not solely random mutations but also variable envi-
ronmental selection forces. Cancer Res 2016, 76:3136—3144.

Zhao B, Hemann MT, Lauffenburger DA: Intratumor heteroge-
neity alters most effective drugs in designed combinations.
Proc Natl Acad Sci U S A 2014, 111:10773—-10778.

Thomas F, Donnadieu E, Charriere GM, Jacqueline C,
Tasiemski A, Pujol P, Renaud F, Roche B, Hamede R, Brown J,
et al.: Is adaptive therapy natural? PLoS Biol 2018, 16.

Lawson DA, Kessenbrock K, Davis RT, Pervolarakis N, Werb Z:
Tumour heterogeneity and metastasis at single-cell resolu-
tion. Nat Cell Biol 2018, 20:1349—-1360.

Navin N, Kendall J, Troge J, Andrews P, Rodgers L, McIndoo J,
Cook K, Stepansky A, Levy D, Esposito D, et al.: Tumour evo-
lution inferred by single-cell sequencing. Nature 2011, 472:
90-94.

Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie SM,
Wakimoto H, Cahill DP, Nahed BV, Curry WT, Martuza RL, et al.:
Single-cell RNA-seq highlights intratumoral heterogeneity in
primary glioblastoma. Science 2014, 344:1396—1401.

HTAN: Mapping tumors across space and time. Nat/ Cancer
Inst 2019.

Berry DA: Adaptive clinical trials in oncology. Nat Rev Clin
Oncol 2011, 9:199-207.

Drilon A, Siena S, Ou S-HI, Patel M, Ahn MJ, Lee J, Bauer TM,
Farago AF, Wheler JJ, Liu SV, et al.: Safety and antitumor ac-
tivity of the multitargeted Pan-TRK, ROS1, and ALK inhibitor

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

54.

55.

56.

entrectinib: combined results from two phase | trials (ALKA-
372-001 and STARTRK-1). Cancer Discov 2017, 7:400—409.

McGranahan N, Furness AJS, Rosenthal R, Ramskov S,
Lyngaa R, Saini SK, Jamal-Hanjani M, Wilson GA, Birkbak NJ,
Hiley CT, et al.: Clonal neoantigens elicit T cell inmunoreac-
tivity and sensitivity to immune checkpoint blockade. Science
2016, 351:1463—-1469.

Kataoka K, Shiraishi Y, Takeda Y, Sakata S, Matsumoto M,
Nagano S, Maeda T, Nagata Y, Kitanaka A, Mizuno S, et al.:
Aberrant PD-L1 expression through 3’-UTR disruption in
multiple cancers. Nature 2016, 534:402—406.

Massard C, Michiels S, Ferté C, Le Deley M-C, Lacroix L,
Hollebecque A, Verlingue L, lleana E, Rosellini S, Ammari S,

et al.: High-throughput genomics and clinical outcome in
hard-to-treat advanced cancers: results of the MOSCATO 01
trial. Cancer Discov 2017, 7:586—595.

Le Tourneau C, Delord J-P, Gongalves A, Gavoille C, Dubot C,
Isambert N, Campone M, Trédan O, Massiani M-A, Mauborgne C,
et al.: Molecularly targeted therapy based on tumour molec-
ular profiling versus conventional therapy for advanced
cancer (SHIVA): a multicentre, open-label, proof-of-concept,
randomised, controlled phase 2 trial. Lancet Oncol 2015, 16:
1324-1334.

Moscow JA, Fojo T, Schilsky RL: The evidence framework for
precision cancer medicine. Nat Rev Clin Oncol 2018, 15:
183-192.

Ganzfried BF, Riester M, Haibe-Kains B, Risch T, Tyekucheva S,
Jazic I, Wang XV, Ahmadifar M, Birrer MJ, Parmigiani G, et al.:
curatedOvarianData: clinically annotated data for the ovarian
cancer transcriptome. Database 2013, 2013:bat013.

Riester M, Wei W, Waldron L, Culhane AC, Trippa L, Oliva E,
Kim S-H, Michor F, Huttenhower C, Parmigiani G, et al.:

Risk prediction for late-stage ovarian cancer by meta-
analysis of 1525 patient samples. J Nat/ Cancer Inst 2014, 106:
dju048.

Grossman RL, Heath AP, Ferretti V, Varmus HE, Lowy DR,
Kibbe WA, Staudt LM: Toward a shared vision for cancer
genomic data. N Engl J Med 2016, 375:1109—-1112.

McDonald TO, Chakrabarti S, Michor F: Currently available bulk
sequencing data do not necessarily support a model of
neutral tumor evolution. Nat Genet 2018, 50:1620.

Werner B, Williams MJ, Barnes CP, Graham TA, Sottoriva A:
Reply to “Currently available bulk sequencing data do not
necessarily support a model of neutral tumor evolution.” Nat
Genet 2018, 50:1624—1626.

Williams MJ, Werner B, Heide T, Curtis C, Barnes CP,
Sottoriva A, Graham TA: Quantification of subclonal selection
in cancer from bulk sequencing data. Nat Genet 2018, 50:895.

Jia Q, Wu W, Wang Y, Alexander PB, Sun C, Gong Z, Cheng J-N,
Sun H, Guan Y, Xia X, et al.: Local mutational diversity drives
intratumoral immune heterogeneity in non-small cell lung
cancer. Nat Commun 2018, 9.

Li X, Jolly MK, George JT, Pienta KJ, Levine H: Computational
modeling of the crosstalk between macrophage polarization
and tumor cell plasticity in the tumor microenvironment.
Front Oncol 2019, 9.

Braun DA, Burke KP, Van Allen EM: Genomic approaches to
understanding response and resistance to immunotherapy.
Clin Cancer Res 2016, 22:5642—-5650.

Meyer AS, Heiser LM: Systems biology approaches to
measure and model phenotypic heterogeneity in cancer.
Curr Opin Syst Biol 2019, https://doi.org/10.1016/
j.coisb.2019.09.002.

Current Opinion in Systems Biology 2019, 17:8—-14

www.sciencedirect.com


http://refhub.elsevier.com/S2452-3100(19)30024-1/sref22
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref22
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref23
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref23
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref23
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref23
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref24
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref24
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref24
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref24
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref25
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref25
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref25
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref25
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref26
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref26
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref26
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref26
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref27
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref27
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref27
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref28
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref28
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref29
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref29
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref30
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref30
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref30
https://doi.org/10.1001/jamaoncol.2018.3395
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref32
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref33
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref33
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref33
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref33
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref34
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref34
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref34
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref35
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref35
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref35
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref36
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref36
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref36
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref37
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref37
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref37
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref37
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref38
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref38
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref38
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref38
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref39
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref39
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref40
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref40
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref41
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref41
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref41
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref41
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref41
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref42
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref42
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref42
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref42
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref42
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref43
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref43
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref43
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref43
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref44
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref44
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref44
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref44
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref44
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref45
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref45
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref45
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref45
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref45
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref45
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref45
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref46
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref46
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref46
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref47
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref47
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref47
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref47
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref48
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref48
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref48
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref48
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref48
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref49
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref49
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref49
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref50
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref50
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref50
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref51
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref51
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref51
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref51
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref52
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref52
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref52
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref53
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref53
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref53
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref53
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref54
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref54
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref54
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref54
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref55
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref55
http://refhub.elsevier.com/S2452-3100(19)30024-1/sref55
https://doi.org/10.1016/j.coisb.2019.09.002
https://doi.org/10.1016/j.coisb.2019.09.002
www.sciencedirect.com/science/journal/24523100

	Modeling genetic heterogeneity of drug response and resistance in cancer
	Introduction
	Measuring genetic heterogeneity
	Models of genetic heterogeneity
	Mathematical models of treatment response that incorporate genetic heterogeneity
	Future challenges
	Conflict of interest statement
	Acknowledgements
	References


