
UC Irvine
UC Irvine Previously Published Works

Title
Passenger mutations can accelerate tumour suppressor gene inactivation in cancer 
evolution.

Permalink
https://escholarship.org/uc/item/3sz1r87q

Journal
Journal of the Royal Society, Interface, 15(143)

ISSN
1742-5689

Authors
Wodarz, Dominik
Newell, Alan C
Komarova, Natalia L

Publication Date
2018-06-01

DOI
10.1098/rsif.2017.0967
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3sz1r87q
https://escholarship.org
http://www.cdlib.org/


rsif.royalsocietypublishing.org
Research
Cite this article: Wodarz D, Newell AC,

Komarova NL. 2018 Passenger mutations can

accelerate tumour suppressor gene inactivation

in cancer evolution. J. R. Soc. Interface 15:

20170967.

http://dx.doi.org/10.1098/rsif.2017.0967
Received: 22 December 2017

Accepted: 8 May 2018
Subject Category:
Life Sciences – Mathematics interface

Subject Areas:
evolution

Keywords:
evolutionary theory, mathematical models,

fitness valley, tumour evolution
Author for correspondence:
Dominik Wodarz

E-mail: dwodarz@uci.edu
Electronic supplementary material is available

online at https://dx.doi.org/10.6084/m9.

figshare.c.4103843.
& 2018 The Author(s) Published by the Royal Society. All rights reserved.
Passenger mutations can accelerate
tumour suppressor gene inactivation in
cancer evolution

Dominik Wodarz1,2, Alan C. Newell3 and Natalia L. Komarova2

1Department of Ecology and Evolutionary Biology, 321 Steinhaus Hall, University of California, Irvine, CA 92697,
USA
2Department of Mathematics, Rowland Hall, University of California, Irvine, CA 92697, USA
3Department of Mathematics, The University of Arizona, 617 N. Santa Rita Ave, Tucson, AZ 85721, USA

DW, 0000-0002-8017-3707; NLK, 0000-0003-4876-0343

Carcinogenesis is an evolutionary process whereby cells accumulate

multiple mutations. Besides the ‘driver mutations’ that cause the disease,

cells also accumulate a number of other mutations with seemingly no

direct role in this evolutionary process. They are called passenger mutations.

While it has been argued that passenger mutations render tumours more

fragile due to reduced fitness, the role of passenger mutations remains

understudied. Using evolutionary computational models, we demonstrate

that in the context of tumour suppressor gene inactivation (and hence fitness

valley crossing), the presence of passenger mutations can accelerate the rate

of evolution by reducing overall population fitness and increasing the rela-

tive fitness of intermediate mutants in the fitness valley crossing pathway.

Hence, the baseline rate of tumour suppressor gene inactivation might be

faster than previously thought. Conceptually, parallels are found in the

field of turbulence and pattern formation, where instabilities can be driven

by perturbations that are damped (disadvantageous), but provide a richer

set of pathways such that a system can achieve some desired goal more

readily. This highlights, through a number of novel parallels, the relevance

of physical sciences in oncology.
1. Introduction
The development and progression of cancer is an evolutionary process whereby

cells accumulate multiple mutations, which enables them to break out of

homeostasis and to proliferate out of control. The mutations that enable this

process typically confer a selective advantage to cells and have been called

driver mutations [1–5]. Tumours, however, are highly heterogeneous and

cells also contain a variety of other mutations, called passenger mutations

[1–5]. They arise from random mutations in sequences that do not contribute

directly to disease, facilitated by exposure to mutagenic processes and lack of

repair [6]. While passenger mutations have been thought to have minimal bio-

logical consequences on the disease process, the properties and role of

passenger mutations remain poorly understood. Recent data indicate that pas-

senger mutations carry a certain fitness cost [7–9], and that they might

therefore render tumours more fragile, which could be exploited therapeutically

[4,7,10]. One particular evolutionary process that is central to carcinogenesis

and cancer progression is the inactivation of tumour suppressor genes (TSGs)

[9,10]. This typically requires two mutational hits because both copies of the

gene need to be inactivated to achieve full loss of function [11]. Different

TSGs display different characteristics, and, in principle, the inactivation of

only one copy of the gene either results in no change in the fitness of the cell,

or it could entail a certain selective disadvantage. To inform model assump-

tions, we will specifically consider the TSG APC, which becomes inactivated

early in the development of colorectal cancer [12]. In this case, data indicate
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that heterozygous APCþ/2 cells can experience reduced fit-

ness, which means that a fitness valley has to be crossed for

the inactivation of APC to occur. Experiments with colorectal

cancer cell lines revealed that a truncating mutation in APC

has a dominant effect resulting in a spindle checkpoint

defect, aneuploidy, and a reduced proliferation rate of cells

[13,14]. Similar effects have been found in vivo in APCMin/þ

mice [15], which have an APCþ/2 germ line mutation. In

general, if a copy of a TSG is lost as a consequence of aneu-

ploidy, the cell is likely to suffer a fitness reduction (e.g.

references [16,17]). Motivated by these studies, our paper

investigates the effect of passenger mutations on the evol-

utionary dynamics of TSG inactivation, assuming that a

fitness valley needs to be crossed.
 Interface
15:20170967
2. Results
We consider a computational model for the inactivation TSGs

[18,19], where cells only acquire an advantage once they have

accumulated two separate mutations, but are neutral or disad-

vantageous in the presence of only one of the mutations. For

convenience, cells with both copies of the TSG present are

referred to as TSGþ/þ, and cells with one or both copies of

the TSG inactivated are referred to as TSGþ/2 and TSG2/2

respectively. Much evolutionary work has been performed

that studied how fast such fitness valleys/plateaus can be

crossed, depending on the scenario under consideration

[20–31]. To study the role of passenger mutations, we

employ a stochastic agent-based model that is also referred

to as a contact process. This model assumes the existence of

N spots, which can either be empty or contain a cell. Each

time step, the system is sampled M times, where M is the

number of cells present. If the chosen spot contains a cell, it

can divide and die with defined probabilities. When a cell is

chosen to divide, a target spot is chosen randomly from the

whole system, and division only proceeds if this target spot

is empty. Upon division, mutations can occur that give rise

to different cell genotypes (figure 1a). TSGþ/þ cells without

passenger mutations are denoted by x and attempt division

with a probability Lx per cell per update. TSGþ/2 cells without

passenger mutations are denoted by y and have a fitness cost

of s1 (s1 � 1), such that their division probability is s1 Lx.

TSGþ/þ cells that also contain passenger mutations are

denoted by z and have a fitness cost s2 (s2, 1). The assumption

of a possible fitness cost of passenger mutations is in agree-

ment with previous experimental studies [7–9]. At the same

time we note, however, that this blurs the definition of a pas-

senger mutation, which is elaborated on further in the

discussion section. TSGþ/2 cells that also contain passenger

mutations are denoted by w and have a fitness cost s3 (s3,

1). Both TSGþ/2 populations, y and w, can give rise to the

advantageous TSG2/2 double mutant. All the mutation pro-

cesses are defined in figure 1a. For simplicity, each cell type

is assumed to die with the same rate D. The model was simu-

lated repeatedly, and the fraction of realizations when an

advantageous TSG2/2 mutant had been generated by a

defined time threshold was determined. We compared simu-

lations without passenger mutations (n ¼ 0) with those that

did allow the generation of passenger mutations (n . 0).

Two different regimes have been observed [25]: In one

regime, the double-hit mutant arises without the intermediate

TSGþ/2 mutant reaching fixation, a process called stochastic
tunnelling. The second regime can be called sequential fix-

ation, were the intermediate TSGþ/2 mutant fixates before

the double mutant is created.

For the tunnelling regime, we find that the presence of

passenger mutations can accelerate the generation of the

advantageous double mutant (figure 2a(i)). The magnitude

of this effect increases with higher fitness of the passenger

mutants, s2 (figure 2a(i)). This requires that (i) the number

of passenger mutations that can be accumulated, n, is suffi-

ciently large relative to the inverse of the mutation rate and

(ii) the intermediate TSGþ/2 mutation reduces the fitness to

a lesser degree in cells with passenger mutations than in

cells without passenger mutations, i.e. there are epistatic

interactions between drivers and passengers [33,34]. The

exact condition is s3 . s1s2, see the electronic supplementary

material for computational details. This is a necessary con-

dition for the passenger mutations to accelerate evolution

(both in the tunnelling regime and in the sequential fixation

regime, see below). In the Discussion section, we describe a

specific example where the fitness of TSGþ/2 mutants is con-

text dependent, indicating that an assumed occurrence of

epistasis in such cells is biologically relevant.

The reason for the accelerated evolution in the presence of

passenger mutations is that these mutations increase the rela-

tive fitness of the intermediate TSGþ/2 cells through a set of

complex interactions. If the wild-type population consists

mostly of cells without passenger mutations, the evolutionary

dynamics are largely driven by the x, y system, which is rela-

tively slow due to the more pronounced disadvantage of y.

The larger the proportion of cells with passenger mutations,

however, the more the evolutionary dynamics are driven by

the z, w system, where the intermediate mutant suffers an

overall lower fitness cost. This allows the total population

of intermediate TSGþ/2 cells to persist at a higher selec-

tion–mutation balance, making it more likely to generate

the double mutant. The average rate of double mutant gener-

ation can be calculated from ordinary differential equations

(ODEs, see electronic supplementary material), which is a

reasonable model that quantifies population dynamics in

the tunnelling regime. The rate of double mutant generation

is increased by the presence of passenger mutants, with

more pronounced effects for larger values of s2 (figure 3),

thus explaining our observations. If the fitness of passenger

mutants crosses a threshold (which depends on the total

rate of passenger mutant generation), the cells with passenger

mutations, z, outcompete those without passenger mutations,

x (because z is generated by x). In this regime, the advan-

tageous double mutants are created fastest because the

intermediate TSGþ/2 mutants (w) have the highest relative

fitness out of all scenarios. This might be a biologically rel-

evant parameter region given the ubiquitous occurrence of

passenger mutations in cancer cells, and even in aged non-

cancerous tissue [35,36]. We note that the accelerating effect

exhibited by passenger mutants is not due to their presence

providing additional targets for further mutations to occur.

The total number of cells in the model is the same in the pres-

ence and absence of passenger mutants. The accelerating

effect of passengers stems from the overall reduction in popu-

lation fitness and the consequent elevation of the relative

fitness of intermediate TSGþ/2 mutants.

The extent to which passenger mutants accelerate fitness

valley crossing further depends on the relative fitness of

intermediate TSGþ/2 mutants without passenger mutations
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Figure 1. Schematic representation of computational models. (a) Model of TSG inactivation in the context of passenger mutations. The cell types and associated
fitness values (F ) are explained in the main text. The arrows show the mutational steps that generate the different cell types. The top row of cell types depicts
standard evolutionary processes where the two copies of the TSG are sequentially inactivated. In addition, the model assumes that with a rate nm, cells can
accumulate passenger mutations. Cells with passenger mutants can also inactivate the TSG, as shown. (b) Model of TSG (APC) inactivation in the context of
Lynch syndrome and mutator phenotypes in colorectal cancer. This model does not contain passenger mutations. The basic evolutionary processes (along the
top row of cells) are the same as above. The difference is that unmutated TSGþ/þ cells can inactivate mismatch repair mechanisms with a rate m, giving
rise to mutator phenotypes that are characterized by an elevated mutation rate mfast. (Online version in colour.)

rsif.royalsocietypublishing.org
J.R.Soc.Interface

15:20170967

3

(s1, the fitness cost of population y). The closer the fitness of

the intermediate mutant y-population is to the fitness of the

wild-type x-population (s1! 1), the less pronounced the

accelerating effect (compare figure 2a(i– iii)). This is also

seen in the ODE predictions, which show that for larger

values of s1, the average rate of double mutant generation

is accelerated by passenger mutations to a lesser extent

(figure 3). The reason is that for higher s1, the intermediate

TSGþ/2 mutants (y) have less of a disadvantage compared

to population x, which leaves less room for improvement

by the z, w interactions. Thus, if the intermediate TSGþ/2

mutant is almost neutral with respect to the wild-type,
passenger mutants are not likely to accelerate evolution in

the tunnelling regime.

Next, consider the parameter regime where the intermedi-

ate mutant fixates prior to the generation of the double

mutant (sequential fixation). This tends to occur for par-

ameters where the generation of the double mutant takes a

longer period of time due to lower mutation rates or smaller

population sizes. In this scenario, the accelerating effect of

passenger mutations can be significantly more pronounced

than in the tunnelling regime (figure 2b). For a physiologi-

cally realistic rate of gene inactivation (1027 per gene per

division), even if the TSGþ/2 mutants without passenger
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Figure 2. Accelerated crossing of fitness valleys (i.e. inactivation of TSGs) in the presence of passenger mutations. The computer simulations were run repeatedly,
and the fraction of realizations in which the double mutant was created before a time threshold Tthr was determined. The number of simulations/sample sizes
required by rare events is large and were chosen using reference [32]. For a fixed margin of error, the more rare the events, the larger the sample size. The margins
of errors of our study are acceptable, as even in the worst situation (N ¼ 543 449, recorded fraction ¼ 0.000077), the margin of error is less than one third of the
estimated proportion. Each graph plots the ‘fold acceleration’, which is the fraction of runs where the double mutant was generated in the presence of passenger
mutations with fitness s2, divided by the same measure in the absence of passenger mutations. The Z-score for population proportions was used to determine
whether the difference in outcome between simulations with and without passenger mutations was statistically significant (the distribution under the null hypoth-
esis, when the two true proportions are the same, is asymptotically normal). (a) Parameter regime where the double mutant evolved through a tunnelling pathway.
Panels (i – iii) show that a reduced cost of the intermediate TSGþ/2 mutant (higher value of s1) leads to a reduced effect of passenger mutations on the rate of
evolution. Differences between outcomes with and without passenger mutations were statistically significant for (i) s2 � 0.93, (ii) s2 � 0.93, and (iii) s2 ¼ 0.99.
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Differences between outcomes with and without passenger mutations were statistically significant ( p , 0.05) for (i) s2 � 0.95, (ii) s2 � 0.93, and (iii) s2 ¼ 0.98 &
s2 ¼ 0.99. In panel (iii), the fold acceleration was only determined for the highest values of s2 (where the effect is strongest), due to the extensive computational cost
associated with this parameter set. Remaining parameters were chosen as follows. Lx ¼ 0.15, D ¼ 0.01, s3 ¼ s2. n ¼ 5 � 1022/m, N ¼ 2500. The results do not
depend on the assumption s3 ¼ s2. How s3 needs to depend on s2 and s1 for the results to hold is defined in the electronic supplementary material. The time
thresholds are given as follows for the individual graphs. (a) (i) Tthr ¼ 8000; (ii) Tthr ¼ 8000, (iii) Tthr ¼ 5000; (b) (i) Tthr ¼ 120 000; (ii) Tthr ¼ 1 200 000;
(iii) Tthr ¼ 1 500 000.

rsif.royalsocietypublishing.org
J.R.Soc.Interface

15:20170967

4

mutations only have a 0.1% fitness cost (s1 ¼ 0.999), and if the

passenger mutations lead to a 1% fitness cost (s2 ¼ 0.99), the

presence of passenger mutations can accelerate the emer-

gence of the double mutant almost threefold (figure 2b(ii)).

If the fitness cost of the intermediate TSGþ/2 mutant is 1%,

the acceleration can be up to 35-fold (figure 2b(iii)). The

reason is that the fixation probability of the TSGþ/2 mutants

is markedly higher when the dynamics are governed more by

the z,w system compared to the x,y system.

These results remain robust if instead of assuming that all

passenger mutants have the same fitness cost, those fitness

cost values are taken from a power function distribution

between zero and one, with averages given by s2 and s3.

This potentially allows for some significantly deleterious pas-

senger mutants even though many of them can be close to

neutral (electronic supplementary material). Results are

further shown to remain robust in a spatially explicit

model, where dividing cells place their offspring in a ran-

domly chosen spot nearby (electronic supplementary

material). Finally, the same patterns are observed in a con-

stant population Moran process, which represents tissues

where normal cells are maintained at carrying capacity and
their homeostatic turnover is driven by cell death (electronic

supplementary material).

While our models have shown that the presence of pas-

senger mutations can accelerate the rate of TSG inactivation,

the question arises how significant this acceleration can be.

To gauge that, we compare the degree of acceleration that

can be observed in our passenger mutation model to the

acceleration observed in the context of a different and unre-

lated process that occurs in colorectal carcinogenesis, and

that is known to lead to clinically significant accelerations

in evolutionary processes: tumour initiation in Lynch syn-

drome patients [37]. It is known that Lynch syndrome

patients develop colorectal tumours at a significantly faster

rate than the general population. While the average age of

onset in the general population is around 64 years, it is less

than 45 years for Lynch syndrome patients [38,39]. This is

because Lynch syndrome patients are characterized by a

germ line mutation in one copy of a mismatch repair

(MMR) gene. Hence a single point mutation can frequently

generate MMR-deficient cells that promote mutant accumu-

lation and hence the inactivation of APC. Therefore, we

describe tumour formation in the context of Lynch syndrome
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(without passenger mutations) in the same kind of compu-

tational framework studied so far (figure 1b), and

determine the extent to which evolution is accelerated in

that model. If the degree of acceleration observed in the

Lynch syndrome model is of a similar magnitude as the accel-

eration observed in the passenger model, then there is

indication that passenger-induced acceleration can be clini-

cally highly relevant. If the acceleration in the passenger

model is much less than that in the Lynch syndrome

model, then the passenger-induced acceleration is less rel-

evant. In particular, we investigated by how much the

mutation rate in the MMR-deficient cells has to be increased

to obtain a degree of evolution acceleration that is compar-

able to that observed with passenger mutations. To do so,

we assumed that genes are inactivated with a rate of 1027

per division, and that an intermediate TSGþ/2 cell carries a

1% fitness cost, consistent with data that documented

reduced growth of APCþ/2 cells [13]. As before, passenger

mutants were also assumed to carry a 1% fitness cost. If we

assume that MMR-deficient cells do not carry a fitness cost,

we obtain that MMR-deficient cells need to have a 100–500

fold increase in their mutation rate to accelerate evolution

to a similar degree as seen in corresponding passenger

mutant simulations (figure 4a). If MMR-deficient cells have

a 1% fitness cost, then the fold increase in the mutation rate

has to be 1000–5000 fold to match the acceleration afforded

by the presence of passenger mutations (figure 4b). Because

this increase in mutation rate is thought to be typical for

MMR deficient colorectal cells [40], this suggests that passen-

ger mutations can have an accelerating effect that is similar in

magnitude to acceleration in Lynch syndrome, pointing to
potentially strong biological relevance. If APCþ/2 cells are

characterized by a significantly lower fitness cost, or if the

assumed epistatic interactions between drivers and passengers

are significantly weaker, this effect would be reduced.
3. Discussion and conclusion
Previous work reported that the presence of passenger

mutations can make tumours more fragile in certain circum-

stances due to a reduction in overall fitness [4,7,10]. Here we

have shown that in the context of fitness valley crossing,

costly passenger mutations can actually accelerate evolution

because they reduce overall population fitness and thereby

provide an environment in which intermediate TSGþ/2

mutants enjoy a higher relative fitness. Although passenger

mutations are selected against, their accumulation (even at

low numbers) provides access to additional pathways to

cancer where the fitness valley is shallower and easier to

cross. It has been previously suggested that the process of car-

cinogenesis could be promoted through a reduction of overall

population fitness due to ageing and other insults, thus pro-

viding a more favourable fitness landscape for the evolution

of malignant cells [41]. Our passenger mutations model fits

well into this concept.

This brings up the question whether the slightly disad-

vantageous mutants considered here should be considered

‘passenger mutations’. Passenger mutations can be defined

as mutations that do not directly drive cancer initiation and

progression, as opposed to driver mutations, such as

mutations in oncogenes, TSGs or repair genes. In this sense,

the mutations considered in our model should be classified

as passenger mutations. As our model shows, such mutants

can indirectly accelerate tumour evolution through altering

the fitness landscape, but this would not make them driver

mutations. While in the literature, passenger mutations are

sometimes referred to as ‘neutral’, this is not based on specific

measurements. The only studies attempting to quantify the

fitness of passenger mutations that we are aware of indicate

that they might have a certain disadvantage [7–9], although

further studies will be required to gain more detailed infor-

mation. It is important to point out that our model does

not require all ‘passenger’ mutants to have a selective disad-

vantage. While in the main model, we assumed that

passenger mutants had a slightly reduced fitness, in §2.1 of

the electronic supplementary material, we considered a

model where the fitness of passenger mutants was taken

from a random distribution. In other words, some of the pas-

senger mutants could be neutral, while others could have

various degrees of disadvantage, with the average fitness

over all passenger mutants being slightly lower than that of

wild-type cells. Given, however, that our model suggests

that passenger mutations can actually accelerate certain evol-

utionary processes, our study is further useful in the sense

that it provides a basis for discussing the definition of what

constitutes passenger mutations.

Another interesting aspect of the work presented here is

the indication that passenger mutations can in principle accel-

erate tumour evolution to an extent that might comparable to

that observed in patients with a predisposition to genetic

instability (Lynch syndrome). This suggests that the ‘baseline’

rate of TSG inactivation in the absence of genetic predisposi-

tion and genetic instability can be significantly faster than
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previously thought, which might be conceptually important

for understanding the ability of cells to accumulate a

number of carcinogenic mutations in a relatively short

period of time [42]. This applies not only to tumour pro-

gression, but also to cancer initiation in healthy tissue,

which has been shown to contain a significant number of pas-

senger (and driver) mutations [36], especially at advanced

age [35]. In other words, our result leads to the hypothesis

that in the absence of passenger mutations, the onset of a

cancer that is initiated by TSG inactivation (e.g. colorectal

cancer) would be delayed significantly (by perhaps 20 years

if the magnitude of the acceleration from passenger

mutations is indeed comparable to that seen in Lynch

syndrome patients [38,39]).

Our analysis identified possible epistatic interactions

between driver and passenger mutations [33,34] to be impor-

tant for the reported dynamics, and the literature supports

this notion. Indeed, it has been pointed out that the classifi-

cation of mutations into passengers and drivers might be

an over-simplification, because the fitness of a given cancer

phenotype can be context-dependent [43]. More specifically,

we turn again to the TSG APC in colorectal carcinogenesis.

There are mouse strains that are heterozygous for the

APCMin (multiple intestinal neoplasia) mutation, called

APCMin/þ mice. They frequently develop intestinal tumours

[44,45]. Significant variation in tumour incidence occurs

among APCMin/þ mice with identical APC mutations and

which are kept under identical laboratory conditions

[44,45]. This variation is caused by differences in the genetic

background of the APC mutation, which in turn depends on

variation in ‘modifier genes’ in different mouse strains

[44–46]. These are not involved directly in the process of

carcinogenesis, but modify the phenotypic properties of

APCþ/2 cells. This indicates that passengers can modulate
the fitness of TSGþ/2 cells, as required by our model to

observe accelerated evolution.

Our work adds to the growing literature that investigates

the dynamics of fitness valley crossing under various con-

ditions [20–22,24,26–29,47–49]. Beyond this immediate

discipline, however, it is also interesting to consider our results

in a wider scientific sense. In the presence of passenger

mutations, cellular evolvability is predicted to increase through

the introduction of disadvantageous cells. The presence of

these disadvantageous cells lowers overall population fitness,

allowing intermediate TSGþ/2 mutants to have an overall

higher relative fitness, which promotes faster generation of

the TSG2/2 double mutant. Studies of the onset of turbulence

as well as pattern forming systems have revealed mechanisms

of instability that act in a very similar manner. For example, in

turbulence it has been shown that three-dimensional pertur-

bations on parallel shear flows are damped more strongly

than two-dimensional ones; but because of the slow decay,

they provide a new base flow on which a new and richer

class of fluctuations can grow more rapidly (details in elec-

tronic supplementary material). This provides a fundamental

connection between principles in the physical sciences and

the particular oncology question under consideration. This is

a good example of how seemingly different scientific

disciplines can inform each other and drive progress.
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