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Abstract

Background: A strong variability in cancer incidence is observed between human organs. Recently, it has
been suggested that the relative contribution of organs to organism fitness (reproduction or survival) could
explain at least a part of the observed variation. The objective of this study is to investigate theoretically the
main factors driving the evolution of tumour resistance mechanisms of organs when their relative
contribution to organism fitness is considered. We use a population-scale model where individuals can
develop a tumour in a key organ (i.e. in which even a small tumour can negatively impact organism fitness),
an auxiliary organ (i.e. in which only a large tumour has a relatively significant impact) or both organs
because of metastasis.

Results: Our simulations show that natural selection acts in two different ways to prevent cancer in a key
and an auxiliary organs. In the key organ, the strategy mostly selected is the highest resistance and only a
high cost of resistance mitigates this behavior. Inversely, we observe that a low resistance strategy can be
selected in the auxiliary organ when the development of the tumour is slow and the effect of a large
tumour on the mortality of the organism is relatively weak. Nevertheless, if the tumour can spread to a key
organ, higher resistance strategies are selected in the auxiliary organ.

Conclusion: Finally, our study demonstrates that the relative contribution of organs to the organism fitness
and the metastatic propensity of the tumour influence the evolution of tumour resistance at organ scale and

should be considered by studies aiming to explain the variability in cancer incidence at organ-scale.

Keywords: Trade-off, Metastasis, Cancer risk, Tumorigenesis

Background

In humans, cancer incidence strongly varies among or-
gans (Fig. 1A). For example, breast cancer is more than
5 times more common than pancreas cancer which is
twice more common than brain cancer (Fig. 1A). More-
over, if the pancreas cancer is uncommon among repro-
ductive people (i.e. only 2.5% of pancreas cancers
involved people younger than 45years old), it is also
strongly lethal for this population (only 33% survive
after 5years). In contrast, breast cancer is more com-
mon among reproductive people (i.e. 10.5% of breast
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cancers) but is less lethal as 88% survive after 5 years
(Fig. 1A).

Various factors have been proposed to explain the
variability of cancer incidence at organ-scale such as
the different levels of inherited predispositions, car-
cinogen exposures or stem cell divisions [1-5]. For
example, we currently know that the vulnerability of
colon to cancer is at least partially due to the high
cellular turn-over in this organ and is modulated by
the organism’s diet (e.g. obesity, vitamin and calcium
deficiency) [6-8]. Interestingly, studies show that the
architecture of the colon crypts is able to prevent
cancer cell proliferation and is consequently an effi-
cient mechanism against tumour growth [9, 10].
Therefore, the colon has likely evolved a specific
tumour suppression mechanism through colon crypts’
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Fig. 1 (a) The cancer incidence rate (i) and the proportion of incidence cases affecting reproductive people, i.e. age < 45 years, (p) for different organs
and tissues. The incidence rate is per 100,000, age adjusted and from individuals without distinction of origin or sex. These data (i and p) correspond
to the period 2011-2015. When available, the proportion of cancerous and reproductive people alive 5 years after the diagnosis is reported (s) and
correspond to the period 2008-2014. (b) Relation between the cancer incidence and the 5-year survival rate for reproductive people, i.e. age < 45
years. Pearson'’s correlation test is reported. Data come from the SEER Cancer Statistics Review, 1975-2015, National Cancer Institute [35]

architecture to suppress cancer that could prevent in-
dividuals to reproduce. More broadly, it seems safe to
assume that natural selection acts to decrease cancer
risk at organ scale [11-14]. As a support to this as-
sumption, we observe that strongly lethal cancers
(such as lung, pancreas, stomach, esophagus and liver
cancers for which only 40% of people survive 5 years
after the diagnostic) rarely involve reproductive
people (Fig. 1B), although some of them are relatively
common in the whole population, as the lung cancer
(Fig. 1A). In contrast, the most common cancers for
reproductive people such as breast cancer, thyroid
cancer and melanoma of skin are relatively benigns

(Fig. 1B). Overall, it doesn’t exist a strongly lethal
cancer affecting people during the reproductive
period. Moreover, we observe a positive correlation
between cancer incidence within the reproductive
period and the survival probability 5years after the
diagnostic (Fig. 1B).

Considering that natural selection acts to decrease
cancer risk at organ scale, we can expect that the
relative significance of organs to reproduction and
survival (until reproduction ceases) have played a cru-
cial role on the evolution of organ-specific tumour re-
sistance mechanisms [15]. If a continuum exists from
the most essential organ to organism fitness (e.g.
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heart, brain, pancreas, sexual organs) to the less es-
sential ones (e.g. gallbladder, adipose tissue), natural
selection should be more or less efficient to decrease
cancer risk through organ-specific resistance mecha-
nisms depending on the position of the organ in this
continuum. Considering only two organs that are dis-
tant in this continuum, we expect that even a small
tumour in the “key” organ for fitness could lead to a
high decrease of organism fitness and that selection
acts to decrease cancer risk in this organ through
high resistance mechanisms. All things being equal, a
tumour (even a large one) in the “auxiliary” organ for
fitness, could lead to a smaller decrease of organism
fitness and result in lower resistance mechanisms
whose development will depend on the associated
energetic cost. Finally, metastasis (i.e. the spreading of
cancer between organs) could lead to a more complex
pattern since even a relatively inoffensive auxiliary-
organ tumour can result in a key-organ tumour, and
will have after some time a high impact on organism
fitness.

The aim of our study is to determine the factors
driving the evolution of tumour resistance mecha-
nisms at organ scale when the relative contribution
of organs to fitness is considered. We use a
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population-scale model in which individuals can de-
velop a tumour in a key organ in isolation (scenario
1), in an auxiliary organ in isolation (scenario 2) or
in the both organs in interaction through the metas-
tasis (scenario 3). Our simulations show that the
mortality rate due to cancer and the mortality rate
extrinsic to the cancer are the main drivers of the
evolution of tumour resistance mechanisms in the
key organ alone and in interaction with the auxiliary
organ. Conversely, the evolution of tumour resist-
ance mechanisms in the auxiliary organ strongly de-
pends on its interaction with the key organ. Finally,
the relative contribution of organs to the fitness of
the organism is likely to have played a crucial role
on the current difference of organ vulnerability to
cancer and therefore could explain, at least partially,
the observed variability of cancer incidence among
organs.

Materials and methods

The population-scale model

We model a logistically growing population of indi-
viduals that are classified according to their cancer
status as follows (Fig. 2A):
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Fig. 2 (a) A schematic representation of the population-scale model, (b) the influence of cancer stage on the mortality rate of individuals for
different values of lethality 6in the key and the auxiliary organs, and (c) the influence of cancer resistance strategies on the fertility rate of
individuals for different costs of resistance. In (b), the red and the blue area represent the range of mortality rate for individuals with a key-
organ cancer and an auxiliary-organ cancer, respectively. In (c) the black lines represent the fertility rate of individuals with similar resistance
strategies in both organs when they are studied in interaction or in only one organ when they are studied in isolation. The grey areas
represent the variability of fertility rates when both organs have different resistance strategies. Solid black line and light grey area correspond
to a low cost of resistance and dashed black line and dark grey area correspond to an intermediate cost of resistance. For the sake of

T —
: |
B ot o F i
© 4 A2 - S0 | = —6=110
A AL e ---- 6=1/2
y: "," F
y d 3
o )
/ ) B || 6=2
II : ... 8=10

Cost of resistance
—— low
(brmin=0.3)
JigH intermediate
(brmin=0.2)

low

Tumour resistance

high

OOOCooeooeo0e
o
=)
=Y

Tumour initiation rate (A,,)




Gidoin et al. BMC Evolutionary Biology (2018) 18:185

= (=) 1,0 ) ¢ N (1=(N/K))-dgHO + £, (HO)

dH1

= 0 ) # N (1=(N/K))~(\a + X + dpr)H1 + £, (H1)
% = ANH1-(112 + da1)AL + f,, (A1)

% =NH1-(112 + dp1)B1 + f,,(B1)

% = 112A1-(123 + da2)A2 + f,,(A2)

% = T12B1—-(T93 + dp)B2 + f,(B2)

% = 19342 (133 + da3)A3 + f,,(A3)

% = 12382 (133 + dp3)B3 + f,(B3)

Lii_At/I = 133A3 + 33B3-dyM + f , (M)

(1)

, where N and K are the total number of individuals in
the population and the carrying capacity respectively.
Hrepresents healthy individuals, A and B correspond to
individuals with a tumour in a key and an auxiliary
organ, respectively. Among healthy individuals, we dis-
tinguish those who will never develop a tumour (H0)
and individuals who are developing a tumour (H1). The
proportion of individuals in each group is shaped by the
parameter awhich represents the rate of tumour emer-
gence in the population and allow to consider both the
concomitant influence of genetic susceptibility and en-
vironmental exposure to carcinogens. Among individuals
with a tumour in a key or an auxiliary organ, we distin-
guish four tumour stages: tumour initiation (e.g. carcin-
oma in situ, stage 1), large tumour invading the major
part of the organ (e.g. invasive tumour, stage 2), tumour
that can migrate to other distant organs (e.g. possible
metastatic cancer, stage 3) and the metastatic stage
(stage 4) which corresponds to individuals with a
tumour in both the key and the auxiliary organs (M).
Healthy individualsH1can develop a tumour of stage 1 in
a key organ (A1) or an auxiliary organ (B1) through the
tumour initiation rate A, and A, respectively. Individuals
with a tumour of stage 1 (A1 and B1) or stage 2 (A2 and
B2) can develop a tumour of stage 2 or stage 3 through
the rate 11, and 1,3, respectively. Finally, individuals with
a tumour of stage 3 (A3 and B3) can develop a meta-
static cancer (M) through the rate 133. We assume that
tumour resistance mechanisms impact only the initiation
rates in the key and auxiliary organs (A, and )\, respect-
ively), where low values of tumour initiation rates repre-
sent high resistance mechanisms.

Individuals give birth at a fecundity rate that depend on
the tumour resistance mechanisms (f(A;, \p)). In other
words, we consider a resistance-fecundity trade-off for
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which high tumour resistance mechanisms have a cost on
organism fitness through a reduction in fecundity rate
(Fig. 2C and Additional file 1 for more details).

We also consider two different kind of mortality rates:
the extrinsic mortality rate (dy) corresponding to all
sources of death that are not directly linked to cancer
(e.g. predation, parasitism, harsh environmental condi-
tions) and the related-cancer mortality rate (d,,) which
depends on the organ affectedx(i.e. the key organ, A, the
auxiliary organ, B, neither of the two, H, or both, M)
and the tumour stagey (1, 2 or 3) (Fig. 2B). We assume
that the mortality of individuals with a metastatic cancer
(M) increases by a factor of (1+c¢) the mortality of
individuals:

dy = du(1+c)

where ¢ is a constant to manage the strength of cancer
impact on mortality and varies from 1 to 19 (Table 1).

An important feature of our model is that even a small
tumour (stage 1) in a key organ (A) increases signifi-
cantly and immediately the mortality of the organism
whereas only a large tumour (stage 3) in an auxiliary
organ (B) has a relatively high impact on the mortality
of the organism (Fig. 2B). This specific behavior is mod-
eled using an unique parameter § whose the value de-
pends on the organ studies (i.e. § <1 for the key organ
and §>1 for the auxiliary organ) and which manages
the shape of the relationship between cancer develop-
ment and the cancer-related mortality rate (Fig. 2B,
Additional file 1).

Finally, we extend the model to permit that the popu-
lation is composed by individuals with different tumour
resistance strategies represented by different values of
cancer initiation rate A\, or A\, in scenario 1 and 2 re-
spectively, and different combinations of cancer initi-
ation rates A, and )\, in scenario 3. We use the
subscripts iand jto identify the resistance strategies of
the key and the auxiliary organs respectively, A, ; and A,
;- The evolution of these strategies requires that an indi-
vidual transmits its resistance strategy to its descen-
dants, but also that a mutation event can change the
strategy of an individual. The mutation function f,, per-
mits the evolution of these different tumour resistance
strategies at a mutation rate m (Additional file 1).

Numerical simulations

We use numerical simulations to determine the level of
tumour resistance selected in a key organ and in an aux-
iliary organ for the different scenarios studied. For each
organ, we explore 10 different levels of tumour resist-
ance, corresponding to 100 possible strategies when the
organs are in interaction (100 different pairs of A\, ; and
\p, j in the scenario 3). The initial population contains



Gidoin et al. BMC Evolutionary Biology (2018) 18:185

Page 5 of 10

Table 1 Description of the main parameters and their values. The changes in parameter values because of the scenario studied are
described for the key organ in isolation (scenario 1), the auxiliary organ in isolation (scenario 2) and the both organs in interaction
(scenario 3). The last five lines correspond to the parameters used in the sensitivity analysis

Parameter Description Range or value

a Tumour emergence rate 05,075, 1.

N, i Cancer initiation rate in the key organ If scenario 1 or 3, A, ;=0.01 s/
If scenario 2, \,=0

Mo, j Cancer initiation rate in the auxiliary organ If scenario 2 or 3, A, ;=001 *;
If scenario 1, \, =0

iand j Cancer resistance strategy in the key and the auxiliary organ, respectively. Nel[1,10]

bmin The minimal and maximal fecundity rates 0.1,02,03

brmax 05

K Carrying capacity 10,000

dy Mortality rate of healthy individuals dy~Unif(1072,5.1072)

m Mutation rate m~Unif107'°,1079)

Tyo, Toz and Tss

Probability to have a cancer of stage 2, 3 and 4 (metastasis)
when you have a cancer of stage 1, 2 and 3, respectively.

T~ Unif0.1,0.9)

To3 ~ Unif(0.1,0.9)

If Scenario 3, 133~ Unif(0.1,0.9)
If Scenario 1 or 2, T33=0

o The lethality of cancer in the key and the auxiliary organ O~ Unif(1/10, 1/2)for the key organ
and &~ Unif(2,10) for the auxiliary organ
c Constant to manage the strength of cancer impact on c~Unif(1,19)

organism’s mortality

10* healthy individuals (HO and H1) and the different
strategies are equally represented among these individ-
uals. We let the population evolve until reaching a stable
equilibrium (11,000 years have been used). Finally, we
consider as the selected resistance mechanism in the key
organ (\,) or in the auxiliary organ ()\;), the resistance
mechanism which is the most frequent in those organs
within the population at the end of the simulation.

Sensitivity analysis

We test the effect of all parameters and functions on our
results. We evaluate the effects of tumour emergence vari-
ability (a) and the effect of the shape of the
fecundity-resistance trade-off (f;) in the Additional file 2.
Concerning the parameters for which we want to itemize
the impact on resistance strategies at organ-scale (the pa-
rameters in the last five lines of the Table 1), we explore a
large range of values using a sensitivity analysis.

The parameters used in the sensitivity analysis describe
either the population, the organ or the tumour properties.
First, the mutation rate (m), the cancer-related organism
mortality rate (c) and the extrinsic organism mortality rate
(dy) are population properties describing the stability of
evolutionary strategies in the population and its vulner-
ability to cancer and all other sources of death. Because
the mutation rate never influences the evolution of resist-
ance mechanisms in organs, we no longer discuss on it in
this paper. Second, the lethality of tumour stages () is an
organ property allowing the distinction between a key

organ (0<1) and an auxiliary organ (6>1) (Fig. 2B).
Moreover, the variability of § allows to vary the effect of a
small tumour in the key organ and the effect of large
tumour in the auxiliary organ for organism’s mortality
(Fig. 2B). Third, the speed of tumour development (t;,,
Tyzand T33) is a tumour property.

To evaluate the uncertainty inherent to the variability
of parameters, we perform a sensitivity analysis using a
Latin Hypercube Sampling (LHS) approach provided by
the ‘lhs’ package in R 3.4.0. We generate 200 sets of the
parameter values through the LHS algorithm, where
each parameter varies uniformly from 67 to 100%
around its average value, depending on the parameter
(Table 1). Then, we explore the 200 parameter combina-
tions to evaluate the uncertainty in parameter values.
For each scenario (i.e. key or auxiliary organs in isolation
or in interaction), we perform 200 simulations corre-
sponding to the 200 parameter combinations from the
sensitivity analysis.

We investigate the relative contribution of the seven
parameters to the variability of the selected resistance
strategies (A, and \,) by calculating the Partial Rank
Correlation Coefficient (PRCC). The PRCC provides a
measure of the strength of the monotonic non para-
metric correlation between a parameter and the se-
lected resistance strategy, after the linear effects of
the remaining parameters have been considered. The
strength of the correlation is represented by the abso-
lute value of the PRCC and the direction of the
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correlation by the sign of the PRCC. By combining
the LHS with PRCC, we are able to reasonably assess
the sensitivity of our model outcomes to the variabil-
ity of initial parameters [16].

Result

Selected resistance mechanisms

When the organs are considered in isolation (scenario 1
and 2), our results reveal a clear difference between
tumour resistance strategies in the key and the auxiliary
organs. For a relatively low cost of resistance mechanisms
(bnin = 0.3), the strongest resistance strategy is mainly se-
lected in the key organ whereas a large diversity of resist-
ance strategies is observed in the auxiliary organ (Fig. 3A).
When the resistance to tumour has an intermediate cost
for the organism (b,,;, = 0.2), we observe a higher diversity
of selected resistance strategies in the key organ whereas
the weakest resistance strategy is mainly selected in the
auxiliary organ (Fig. 3A). As expected, a higher cost of
cancer resistance (b,,;, =0.1) leads to weaker resistance
strategies selected in the key and the auxiliary organs. In
particular, we never observe the highest resistance strat-
egy, even in the key organ, and we observe a very low di-
versity of resistance strategy selected in the auxiliary organ
as the weakest resistance strategy is selected in more than
94% of cases in this organ (Fig. 3A).

The selected strategies in the key organ are mostly the
same if it is considered alone or in interaction with the
auxiliary organ (Figs. 3A). In contrast, the selected strat-
egies in the auxiliary organ become more resistant to
tumour when the organs are in interaction. Interestingly,
when the cost of resistance is low (b,,, =0.3), the
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selected resistance mechanisms in the auxiliary organ
studied in interaction with the key organ (scenario 3) are
approximately similar to those selected in the key organ
(Fig. 3A). When the cost of resistance is high (b,,;, =
0.1), they are similar to those selected in the auxiliary
organ studied in isolation (Fig. 3A). And finally, when
the cost of resistance is intermediate (b,,;, =0.2), they
are a compromise between the selected resistance in the
auxiliary organ studied in isolation and in the key organ
(Fig. 3A). These results suggest that the cost of resist-
ance strongly influences the selection of mechanisms in
the auxiliary organ and thus the timing of cancer spread
between organs.

The factors influencing the evolution of tumour
resistance mechanisms

We analyse here the effect of parameters on the resist-
ance mechanisms selected in the key and the auxiliary
organs considered in isolation (scenario 1 and 2). The ef-
fect of interactions between these organs through metas-
tasis (scenario 3) is discussed later.

Organs considered in isolation (scenario 1 and 2)

The cancer-related mortality rate (c) is negatively cor-
related to the selected tumour initiation rates A and \,in
both the key and the auxiliary organs and whatever the
cost of the resistance (Fig. 3B), meaning that an increase
of mortality due to cancer will be associated with the se-
lection of stronger resistance. In the key organ, the
cancer-related mortality rate is the main selective force
of resistance mechanisms (Fig. 3B).
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The extrinsic mortality rate (dp) also influences the
selected resistance mechanism in the key organ (\,) but
at a lower level than the cancer-related mortality rate (c)
(Fig. 3B). The correlation between dy and A, is positive
which means that weaker resistance mechanisms are se-
lected in the key organ when the extrinsic mortality rate is
higher. The extrinsic mortality rate has no influence on
the selected resistance in the auxiliary organ (Fig. 3B).

The lethality of tumour stages (8) never influences
the selected resistance strategy in the key organ mainly
because the variability of § leads to a relatively low vari-
ability of the mortality of individuals with a three-stage
key organ tumour (A3) (Fig. 2B). In other words, what-
ever the value of the lethality of tumour stages is, the
key organ tumour leads to a high mortality rate of the
organism at the end. Whatever the cost of tumour re-
sistance for the individual, the variability of the lethality
of tumour stages doesn’t lead to a strong variation of
selection pressure in the key organ and thus doesn’t
drive a change on tumour resistance strategies. On the
other hand, § has a stronger impact on the selected re-
sistance mechanisms of the auxiliary organ than the
cancer-related mortality rate (c) (Fig. 3B). High 6 values
lead to a relatively low mortality of individuals with a
three-stage auxiliary organ tumour (ie. closed to the
mortality of healthy individuals, Fig. 2B). Inversely, low &
values lead to a high mortality of individuals with a
three-stage auxiliary organ tumour (i.e. closed to the
mortality of a first-stage key organ tumour, Fig. 2B).
Consequently, & strongly drives the impact of the auxil-
iary organ tumour on mortality and the efficiency of
auxiliary tumour resistance strategies are selected based
on this parameter.

The speed of tumour progression (1, and T,3) is
negatively correlated with the tumour initiation rates se-
lected in the auxiliary organ ()\,), except when the cost
of tumour resistance is high (Fig. 3B). This correlation
means that strong resistance mechanisms are selected to
prevent a rapidly progressing tumour in this organ. In
the auxiliary organ, only a third-stage tumour may result
in a relatively high mortality rate. Consequently, there is
a likely strong advantage in delaying the progression of
tumour in this organ to delay its impact on organism fit-
ness. Inversely, we observe no effect of tumour progres-
sion speed on resistance selected in the key organ. A
tumour in the key organ leads to an immediately high
mortality of the organism after its initiation and thus the
benefit of delaying the progression of this tumour is
probably too small in comparison with the cost associ-
ated to the resistance.

Organs in interaction via metastases (scenario 3)
When both organs are in interaction, a tumour in an
auxiliary organ could result at the end in a tumour in a
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key organ (i.e. metastasis). One of the consequences is
that the selection favours the evolution of more efficient
resistance mechanisms in the auxiliary organ interacting
with the key organ compared with the auxiliary organ
considered in isolation, except when the cost of tumour
resistance is high (Fig. 3A). Another consequence is that
the main selective force influencing the resistance mech-
anisms in the auxiliary organ is not the same when this
organ is considered in isolation or in interaction with
the key organ (Fig. 3B). Whereas the lethality of tumour
stages (8) is the main driver in the auxiliary organ con-
sidered in isolation (leading to a tolerance strategy when
the effect of tumour on fitness is relatively weak), this
parameter has no influence on the selected resistance
mechanisms in the auxiliary organ in interaction with
the key organ (Fig. 3B). We observe an exception to this
behavior when the cost of tumour resistance is high be-
cause in this condition, the weakest tumour resistance
strategy is selected in the auxiliary organ in 94% of simu-
lations (Fig. 3A). In interaction with the key organ, the
main driver of tumour resistance evolution in the auxil-
iary organ is the cancer-related mortality rate (c) which
is also the main driver of the key organ alone or in inter-
action (Fig. 3B). Interestingly, high resistance mecha-
nisms are also selected in the auxiliary organ in
interaction with the key organ to prevent rapidly pro-
gressing tumours (high T115and 1,3) and rapidly spreading
cancers (high t33) when the cost of resistance is high
enough to prevent the evolution up to the highest
tumour resistance for all parameter combinations (low
cost,b,,;,, = 0.3, compared with intermediate cost, b,,;, =
0.2, Fig. 3). In this condition, there is a likely strong ad-
vantage in delaying the progression and spreading of
cancer in the auxiliary organ to delay the strong impact
it can have on fitness by affecting the key organ.

Discussion

If the risk of developing cancer increases with age, it re-
mains clear that most cancers may appear during the re-
productive period (Fig. 1) [17-19]. Consequently, the
cancer has been and is still a selective pressure for most
of multicellular organisms and natural selection has
shaped various protective mechanisms to prevent or
delay the effect of cancer on fitness [11-14, 20]. In line
with this idea, an important feature of our model is that
the reproduction occurs throughout the life of individ-
uals. This amounts to consider cancer no longer as a
disease affecting mainly the elderly but as a set of onco-
genic events (from carcinoma in situ to metastatic can-
cer) initiated during the reproductive period. In our
model, a tumour may have a large diversity of effects on
fitness depending on the relative contribution of the af-
fected organ to the individual’s reproduction and sur-
vival (Fig. 2B), from strong and rapid effects on fitness
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for key-organ tumours to weak and slow effects for
auxiliary-organ tumours.

The objective of this paper is to determine and discuss
the factors driving the evolution of tumour resistance
mechanisms at organ-scale when the relative contribu-
tion of organs to the organism fitness is taken into ac-
count. Our simulations show that natural selection acts
in two different ways to prevent cancer in a key and an
auxiliary organs: the strategy mostly selected in the key
organ is the highest resistance whereas a low resistance
strategy can be selected in the auxiliary organ when the
development of the tumour is slow and the effect of a
large tumour on the mortality of the organism is rela-
tively weak (Fig. 3). In our model, we assume that repro-
ductive success of individuals accumulates through time
and the development of tumour resistance mechanisms
has a cost for the organism through a decrease of fe-
cundity. Consequently, the lower fecundity rate of indi-
viduals with high tumour resistance mechanisms have to
be compensated by a significantly longer lifespan to
reach a similar fitness compared to their highly fecund
and tumour prone competitors. By definition, a key
organ tumour has a higher negative impact on organ-
ism’s lifespan than an auxiliary organ tumour (Fig. 2B),
thus a resistance mechanism leads to a higher advantage
when it protects a key organ compared to an auxiliary
organ. This explains why, if all else is equal, natural se-
lection should favour higher tumour resistance mecha-
nisms in a key organ compared with an auxiliary organ
(Fig. 3). However, the propensity of the tumour to
spread between organs modulates this result. Indeed a
high metastatic propensity of the tumour (i.e. large t33)
leads to higher resistance strategies in the auxiliary
organ to prevent the spread of tumour to the key organ
(Fig. 3).

In this study, the challenge is to develop the most par-
simonious model able to integrate important and com-
plex processes and bring insight on the evolution of
tumour resistance at organ-scale. To do that, we con-
sider two important assumptions that we discuss here
because they have a strong influence on our results.

First, we assume that tumour resistance mechanisms
have a cost for the organism through a decrease of fe-
cundity and our results show that more this cost is high
and more the tumour resistance mechanism selected at
organ scale is weak. Theoretical studies and clinical evi-
dences showed that evolutionary trade-offs involving
tumour resistance mechanisms and reproductive abilities
exist. For example, studies have shown that specific mu-
tations in genes associated with cancer defences (e.g.
genes from the cancer suppressor or from the deoxyri-
bose nucleic acid repair family) may be simultaneously
involved with higher susceptibility to cancer and also
with increased reproductive potentials [21, 22]. In line
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with previous studies, our modelling approach shows
that a trade-off between fecundity and tumour resistance
can play a crucial role in the evolutionary trajectories of
resistance to tumour [23, 24]. For example, the highest
tumour resistance mechanism is mainly selected in the
key organ when the cost of resistance is low whereas it
is never selected when the cost is high (Fig. 3). However,
if a trade-off between tumour resistance and fecundity
seems to be a reasonable way to model the cost of
tumour resistance mechanisms, it is probably not the
only one involving tumour resistance. For example,
other trade-offs between cancer and immune response
to other diseases and pathogens [25] or tissue repair
mechanisms [26] are suggested so far and many more
are probably still to discover. Moreover, an evolutionary
process called antagonistic pleiotropy suggests in the
context of cancer that pleiotropic genes could have both
a positive effect on fitness and tumour development
[26-28].

Second, our results reveal that the efficiency of tumour
resistance selected in auxiliary organs may strongly de-
pend on the ability of cancer cells to spread and estab-
lish in key organs. In this study, we use a model with
two organs which represents the simplest organ network
allowing us to study the potential effect of metastases on
organ resistance. Considering that the human body is
constituted by numerous organs and tissues connected
by a complex network of interactions, it appears as an
interesting perspective for our work to take into account
a larger number of organs, although it would signifi-
cantly complexify the model (one organ is represented
by three equations in the equation system 1). Moreover,
the spreading of cancer in our organ network occurs
only after the primary tumour has reached the last stage
of development (i.e. the third stage). This is a necessary
assumption because the modalities of cancer cell spread-
ing in the body are still unknown. Especially it is unclear if
cancer cells start spreading with the formation of prema-
lignant lesions, or directly after the primary tumour ap-
pears or after the time necessary for the tumour growth to
be constraint by the initial environment [29, 30]. However,
our model allows to easily test an alternative hypothesis
such as the spread of cancer cells directly after the initi-
ation of the primary tumour. On the other hand, what is
clear is that certain initial tumour in a specific organ pref-
erentially spread in a set of metastatic organs, even if the
mechanisms are still debate [29-33]. A very interesting
perspective for our model would be to consider explicitly
these pathways.

An important aspect of our model is that the evolution
of tumour resistance mechanisms is modeled at the
population level, allowing us to study the effect of differ-
ent levels of extrinsic mortality rate (dy) on the evolu-
tion tumour resistance at organ-scale. In our model, the
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more the extrinsic mortality rate increases and the less
the cancer is a likely cause of deaths in the population.
Therefore, the variation of the extrinsic mortality rate
may represent the variation of the harshness of environ-
mental conditions for our population: a high dp corre-
sponding to a wild population dealing with harsh
conditions (e.g. a high level of predation, a low level of
resource availability) and a low dy corresponding to a
population enjoying more comfortable conditions in a
safer environment (e.g. a low level of predation, a high
level of resource availability). Interestingly, we observe a
positive correlation between dy and the tumour initi-
ation rate of the key and the auxiliary organs (A, and A,
respectively) which suggests that populations dealing
with harsh conditions invest less in tumour resistance
mechanisms at organ scale than populations in safer
conditions. However, this correlation can also be shaped
by the allometric constraint linking fecundity and
tumour resistance in our model. The increase of the
extrinsic mortality may result in an increase of the
selective advantage of individuals with a high fecundity
rate which leads to the spread of weak resistance. Even if
our model doesn’t allow disentangling the causes-
consequences of the co-variations between mortality-
fecundity and mortality-resistance, we show that tumour
resistance mechanisms at organ-scale are strongly influ-
enced by extrinsic mortality of the population when
those mechanisms have a reproductive cost for the
organism. This finding suggests that, within the same
species, resistance mechanisms selected at organ-scale
could differ between wild populations and populations
having evolved in safe conditions (such as zoo or pro-
tected area). Moreover, our model doesn’t consider that
cancer is likely to be an important indirect cause of
deaths in wild populations where even a small decrease
of body conditions could result in a strong reduction of
abilities to find resources or to escape predators, para-
sites or infections [20, 34]. Consequently, the impact of
cancer on mortality of individuals is likely underesti-
mated in our model for wild populations (i.e. high value
of dy) and could be more fairly estimated by adding a
positive interaction between the extrinsic mortality rate
(dzp) and the cancer-related mortality rate (c).

Conclusion

Our study provides the first example of how the differ-
ent contributions of organs to the individual’s
reproduction and survival may have influenced the evo-
lution of tumour resistance mechanisms at organ-scale.
This is a first step to better understand the variability of
cancer incidence among organs using evolutionary the-
ories. How realistic our predictions are? For most spe-
cies, it is currently impossible to provide an exact
response due to an obvious lack of data. For humans, we
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have some promising data sets [35], but given the diver-
sity and complexity of factors that can influence cancer
incidence (e.g. inherited predisposition, carcinogen expos-
ure, number of stem cell division) the analysis of such data
to test our predictions is likely challenging and could rep-
resent an intriguing avenue for new research.
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