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Abstract.  

 

Aspirin intake has been shown to lead to significant protection against colorectal cancer, e.g. 

with an up to two-fold reduction in colorectal adenoma incidence rates at higher doses. The 

mechanisms contributing to protection are not yet fully understood. While aspirin is an anti-

inflammatory drug and can thus influence the tumor microenvironment, in vitro and in vivo 

experiments have recently shown that aspirin can also have a direct effect on cellular kinetics 

and fitness. It reduces the rate of tumor cell division and increases the rate of cell death. The 

question arises whether such changes in cellular fitness are sufficient to significantly contribute 

to the epidemiologically observed protection. To investigate this, we constructed a class of 

mathematical models of in vivo evolution of advanced adenomas, parameterized it with 

available estimates, and calculated population level incidence. Fitting the predictions to age 

incidence data revealed that only a model that included colonic crypt competition can account 

for the observed age-incidence curve. This model was then used to predict modified incidence 

patterns if cellular kinetics were altered as a result of aspirin treatment. We found that changes 

in cellular fitness that were within the experimentally observed ranges could reduce advanced 

adenoma incidence by a sufficient amount to account for age incidence data in aspirin-treated 

patient cohorts. While the mechanisms that contribute to the protective effect of aspirin are 

likely complex and multi-factorial, our study demonstrates that direct aspirin-induced changes 

of tumor cell fitness can significantly contribute to epidemiologically observed reduced 

incidence patterns.     
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Introduction 

 

Colorectal cancer currently affects about 5% of the population in the USA and is a major 

cause of cancer-related deaths [1]. Prevention of colorectal cancer is an important goal in the 

quest to reduce morbidity and mortality. In this respect, long-term aspirin use has been shown 

to be effective [2,3]. Aspirin is a non-steroidal anti-inflammatory drug (NSAID) and is a cyclo-

oxygenase (COX)-2 inhibitor [4]. The CAPP2 trial [5]  demonstrated that the intake of 600mg of 

aspirin per day for 2 years resulted in a 63% reduction in colorectal cancer incidence in Lynch 

Syndrome patients. Interestingly, observation of the protective effect of aspirin required a 

follow-up time of more than 55 months [5]. The mechanisms underlying this protective effect 

therefore are probably complex and multi-factorial. Inflammation is a likely driver of colorectal 

carcinogenesis [6], and aspirin can reduce the extent of inflammation in the cellular 

microenvironment, which might contribute to a reduced development of disease. Our previous 

in vitro and in vivo work, however, has shown that physiologically relevant aspirin 

concentrations can also have a direct effect on tumor cells, reducing their rate of proliferation 

and increasing their death rate [7,8]. This not only results in reduced tumor growth, but can 

also lead to a lower probability that newly generated tumor cells successfully give rise to clonal 

expansion, thus increasing the likelihood that these initially transformed cells go extinct [9]. 

This effect might contribute to the reduced incidence of colorectal cancer as a result of aspirin 

intake.  

 

While these direct effects of aspirin on tumor cell division and death rates have been 

documented in vitro and in vivo [7,8], and occurred under physiologically realistic doses, it is 

unclear to what extent these changes in cellular kinetics can potentially alter disease incidence. 

To evaluate this quantitatively, a mathematical modeling framework needs to be developed 

that predicts epidemiological incidence data based on cellular processes. There is a rich history 

of such approaches in the cancer literature in different contexts [10,11,12,13,14,15,16], which 

has allowed researchers to gain fundamental insights into carcinogenic processes based on the 
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interpretation of age-incidence data. Here, we describe a mathematical model of advanced 

adenoma formation and parameterize it by fitting epidemiological predictions to incidence data 

that document advanced adenoma occurrence as a function of age. We then use this model to 

test whether aspirin-mediated changes in cellular kinetics, as documented by our experiments, 

can result in reductions in advanced adenoma incidence that are comparable to those observed 

in aspirin-treated patient cohorts. We find that the magnitude of changes in the kinetics of 

transformed cell populations that we observed experimentally can result in a pronounced  

reduction of advanced adenoma incidence, and that the epidemiologically observed incidence 

reductions (up to 50%) can be explained by our model. This indicates that the direct effects of 

aspirin on dividing cells can in principle explain much of the chemoprotective effect exerted by 

this drug. We note, however, that while this is a clear result that emerges from this 

mathematical modeling effort, other mechanisms of aspirin not included in this model (such as 

anti-inflammatory effects) are likely to also contribute to the observed protective effect. 

 

We start by describing a mathematical model of advanced adenoma formation and show that 

when parameterized with experimentally obtained estimates, it can account for 

epidemiologically observed age-incidence curves, only as long as inter-crypt competition is 

explicitly included. We then use this model to simulate the effect of aspirin on the incidence of 

advanced adenomas in human populations, and compare model predictions to epidemiological 

data.      

 

Methods 

 

Computational modeling. In order to quantify the effects of aspirin on colorectal cancer 

initiation and progression, we have designed a mathematical model that is rooted in the 

process of multistep carcinogenesis [13,16,17,18]. Its assumptions are similar in principle to 

those in a recent study [19], with important differences that are discussed below. There are two 

early molecular events that we postulate (without assuming their temporal order): (1) An 

inactivation of the APC gene, or a related event that affects the functioning of the beta-

catenin/WNT signaling pathway, and (2) an activation of the KRAS oncogene. The inactivation of 
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the APC tumor suppressor gene is a classic example of a loss-of-function mutation, which 

implies two molecular events, corresponding to the inactivation of the two copies of the gene. 

The associated mutation rate is therefore assumed to be u=10-7 per cell division. The activation 

of the KRAS oncogene on the other hand is a gain-of-function event, whose mutation rate is 

about two orders of magnitude lower (µ=10-9 per cell division). The associated selection-

mutation diagram is shown in Fig 1 and contains six different cell populations, denoted as types 

1 through 6. The populations occupying the top row (types 1--3) are characterized by an 

unmutated KRAS oncogene; the populations of the bottom row (types 4-6) all have the KRAS 

mutation activated. Moving from left to right on this diagram, the number of inactivated copies 

of the APC gene increases from 0 to 2, such that populations of types 1 and 4 are APC+/+, 

populations of types 2 and 5 are both APC+/-, and populations of types 3 and 6 are APC-/-.  

 

 
 

Figure1: A schematic illustrating the mathematical model. The six cell types are denoted by 

circles, the mutation rates that give rise to different types are marked by the straight arrows. 

Crypt conversion rates are indicated by circular arrows and crypt fission by multiple circles.  

 

 

We model the population dynamics of the colon by using a colonic crypt as a basic unit, which is 

similar in concept to recently published work [19]. Our model is related to many previous 

theoretical investigations of the cell population dynamics of crypts [20,21,22,23,24], where 
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stem cells were assumed to acquire random mutations in a constant-population turnover (birth 

and death) process, and selection happened at the level of individual stem cells. Once it was 

discovered that there were very few stem cells per crypt [25,26], it became clear that the 

evolutionary dynamics can be conveniently described at the level of crypts, because crypts are 

likely to be homogeneous with respect to the driver mutations. The rate at which a crypt 

changes its mutational status from i to j, denoted by Rij, depends on the population size (the 

number of stem cells), the mutation rate, and the relative fitness of the invading type 

compared to the resident type [21,22]. The latter can be calculated from the cell displacement 

data reported in the literature. Types APC+/-, APC-/-, and KRAS+ all have a selective advantage 

compared to the wild type, which we assume results in an increase of the SC division rate (see 

the Supplement for details).  

 

Our model keeps track of crypts of different types (denoted as ni for each type i). Modified 

crypts of types APC-/- and KRAS+ have been reported to undergo crypt fission; in other words, 

while the total population of a single crypt remains constant (even though it is populated by SCs 

that are fitter than the wild type SCs), the crypt can undergo a doubling, thus increasing the 

total number of such modified crypts. The fission rates of different crypt types have been 

reported in the literature [19,25,27,28] and are denoted by gi; we further denote by di the 

death rate of crypts of type i. We model these dynamics by using the following system of 

ordinary differential equations: 

  
 

where on the left hand side we have the rate of change for the population of crypts of each 

type, and W represents competition among modified crypts that undergo crypt fission: W=1-

(n3+n4+n5)/Kmax, where Kmax is the carrying capacity; in reference [19] no crypt competition was 

included, such that Kmax=¥ and W=1 in their model. The initial conditions for the system above 

are given by  , that is, initially all Ncrypt crypts are wild 
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type.  Parameter values are presented in Table 2 of the Supplement, and parameter d=0 unless 

specified otherwise. In the literature, the APC-/- genotype has been related to the appearance 

of aberrant crypts (type 3), and an activation of the KRAS oncogene is connected with the 

growth of polyps (types 4 and 5). In other words, both mutational events are associated with a 

(pre-)malignant phenotypic change. The combination of both types of mutations (type 6) is 

thought to correlate with the growth of advanced adenomas. The probability to have produced 

a crypt of type 6 (i.e. advanced adenoma) is denoted by P(t) and is given by the following 

equation, 

 

 

While the model assumptions about the pathways to adenoma formation are clearly 

defined in our model, it is important to point out that there are uncertainties in those 

assumptions, and that there is heterogeneity in the types of mutations that can lead to 

colorectal carcinogenesis. For example, it has been reported that among non-hypermutated 

colorectal tumors, KRAS was mutated in only about 43% of patient samples [29], indicating the 

importance of evolutionary pathways that are not captured in our model. Similarly, as in the 

previous study [19], we assume flexibility regarding the order with which the different 

mutations can occur. Hence, it is assumed that the initial mutation can occur either in APC or in 

KRAS. It is, however, controversial whether adenoma formation can indeed be initiated by a 

mutation in KRAS. Some studies indicate that an initial mutation in KRAS leads to the formation 

of non-dysplastic polyps, which could represent an evolutionary dead end for neoplasias 

[30,31]. On the other hand, it has been suggested that an initial KRAS mutation might be able to 

drive the initiation of colorectal carcinogenesis [32,33], based on mutation frequencies in 

aberrant crypt foci and adenomas. The assumed flexibility in the evolutionary pathway of the 

model accommodates these conflicting notions.  

    

 

The adenoma incidence data. In order to study the incidence of adenoma, we used the data 

reported in [34] for the age-ranges 55-59, 60-64, 65-69, 70-74, and 75-79. While this study 

provides incidence data for nonadvanced adenoma, advanced adenoma, and colorectal cancer 
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(CRC), we focused only on the combined incidence of advanced adenoma and cancer. This 

assumes that individuals that have developed CRC have most likely already developed an 

advanced adenoma by the age of testing, and further that nonadvanced adenoma likely refers 

to fewer mutational steps compared to our type 6, where both the APC gene is fully inactivated 

and the KRAS gene is mutated. The paper reports data separately for males and females; for 

our purposes we combined the two values to study the average, since the model is not 

sufficiently detailed to distinguish between the genders.  

 

 

 

Results 

 

Fitting the adenoma incidence curve. Until recently, most of the parameters associated with 

cellular dynamics in colonic crypts were unknown, but presently many of the rates have been 

estimated with a high degree of confidence [19], which makes it possible to parameterize the 

model and use it to answer questions about the process of crypt transformation and the 

dynamics of cancer initiation. Using the published data on the mutation rates, the total number 

of crypts, the number of SCs per crypt, and the relative fitness of different cell types (see Table 

2 of the Supplement), we first attempted to fit the model in the absence of crypt competition 

(W=1), by varying the SC division rate within the physiological range and finding the best fitting 

value for crypt fission rates. The best fitting parameter combinations always corresponded to 

zero crypt fission rates. Non-zero crypt fission rates resulted in a much steeper rise in the 

adenoma incidence compared to that reported in [34]. A similar result was obtained when we 

used different values for fitness differences (the exhaustive parameter search and a model 

selection procedure are described in the Supplement). Finally, using the reported crypt fission 

rates (Table 2 of the Supplement) we were not able to find a SC division rate within the 

biologically applicable range that would give the correct shape of the adenoma incidence curve.  

The conclusion is that an unlimited exponential expansion of crypts by fission gives an 

unrealistically steep rise in incidence. This problem did not occur in reference [19] because 
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fitting of the whole incidence of CRC was not attempted, and instead, only the total life-time 

risk of CRC was compared to the model prediction.   

 

Including crypt competition in the model has resolved this issue. Fixing the carrying capacity 

parameter Kmax to a value that is much smaller than the total number of crypts (to ensure that 

crypt competition significantly restricts the outgrowth of the transformed crypts), we were able 

to fit the data for a wide range of the SC division rates, with the non-zero best-fitting crypt 

fission rates that have the correct order of magnitude. Additionally, fixing the crypt fission rates 

to their reported values, we were able to find very well-fitting incidence curves for a wide range 

of SC division rates, with the carrying capacity parameter Kmax ranging between about 500 and 

about 5000.  

 

Figure 2: Fitting the nonlinear model to late adenoma incidence data. (a) The fitting error as a 

function of r1, for the best fitting pairs (g3
 and g4) with Kmax=1000, and the rest of the 

parameters are as in table 2 of the Supplement. (b) The fitting error as a function of r1, for the 

best fitting value of Kmax, with the rest of the parameters are as in table 2 of the Supplement. (c) 

The best fitting curves corresponding to increasing SC division rates, r1, are plotted together 

with the epidemiological data (the values of r1 are taken from the Region of low error in panel 

(b)). 

 

For the model that includes crypt competition, it was possible to find nearly equally good fits 

for a range of biologically plausible parameter values, see Fig. 2. The amount of data in the 

adenoma incidence curve does not allow finding unique values for all the parameters, but 

instead it allows using many of the parameters fixed to their experimentally obtained values, 

and just fine-tuning the small number of remaining parameters whose value is unknown (such 

as Kmax) or only its range is known (such as the SC division rate). When using the parameterized 
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model to study the role of aspirin, instead of selecting the best fitting parameter set, we 

included best fitting parameter ranges, to see how this variability influences the result.   

 

 

 

 

Pathways to adenoma. Next, we asked what is the most likely pathway that leads to the 

creation of the type 6 (advanced adenoma). It is possible that crypts of type 6 could be created 

by a KRAS mutation in a crypt of type 3 (we called this <APC-path=), or by an APC mutation in a 

crypt of type 5 (<KRAS path=), see panel (c) of figure 3. We found, consistent with [19], that the 

likelihood of each of these two pathways is determined by the crypt fission rates, and not by 

mutation rates or crypt conversion rates. Results are presented in Fig. 3.  

 

  
Figure 3: Pathways to adenoma. (a) The probabilities PAPC and PKRAS are plotted as functions of 

time for the best-fitting parameter set of figure 2(b) which corresponds to Kmax=1318 and 

r1=141.1. (b) For the same parameters, the probabilities that adenoma is created by each of the 

two pathways are shown as bars; the bars represent the quantities PAPC/( PAPC+ PKRAS) and 

PKRAS/( PAPC+ PKRAS) at t=80 yrs. (c) A schematic representation of the two pathways. (d) The 

predicted probability of adenoma to be generated through the APC-/- pathway; the quantity 

plotted is the same as in panel (b) for this pathway. For each pair of rates g3
 , g4,   the best fitting 

values of r1 and Kmax were found and the probabilities of the pathways calculated; the rest of 

the parameters are as in Table 2 of the Supplement. 
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The model allows for the calculation of the probabilities to develop an advanced adenoma 

through the APC-/- and KRAS pathways, functions PAPC(t) and PKRAS(t). Panel (a) of figure 3 plots 

these quantities as functions of age (t) for the best fitting parameters of figure 2(b) (Kmax= 1318, 

r1 =141.1). We observe that after the age of about 50, the pathway through the inactivation of 

the APC gene becomes predominant, with just under 60% of all adenomas at the age of 80 

years created by the APC-/- first pathway (panel (b)). This is consistent with the conclusions of 

reference [19].  

 

We have also investigated the prevalence of the APC-/- path more generally, to see how it 

depends on the relative values of the fission rates of APC-/- and KRAS+ crypts (parameters g3 and 

g4 respectively). Panel (d) shows a heat plot of the probability of the adenoma (at age 80) to be 

created through the APC-/- pathway; here the darker colors correspond to a higher likelihood of 

the APC-path relative to the KRAS-path. We can see that if the fission rate of APC-/- crypts is 

higher than that of KRAS+ crypts, then the APC-first pathway is more likely (the right bottom 

corner of the heat plot in panel (d)). Since the crypt fission rates for APC-/- crypts have been 

reported to be significantly higher than those for KRAS+ crypts, we conclude that the 

inactivation APC gene is likely to be the first genetic event leading toward advanced adenoma. 

 

  

The effect of aspirin. We asked, given that a variety of parameter values could lead to the same 

incidence curve, can we still say anything about the possible role of aspirin in cancer 

prevention/delay? To model the effect of aspirin on the relevant kinetic parameters, we used a 

variety of sources.  One type of data was obtained by us in our earlier studies, where the effect 

of aspirin was quantified by measuring cells9 kinetic parameters with and without aspirin 

treatment, in vitro and in xenografts [7,8]. In other work, it has also been demonstrated that a 

related non-steroidal anti-inflammatory drug, sulindac, inhibited the fission of Apc-deficient 

crypts and thus reduced adenoma numbers in mice.  

   

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 12, 2021. ; https://doi.org/10.1101/2021.05.11.443671doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.11.443671
http://creativecommons.org/licenses/by-nc-nd/4.0/


 11 

It is, however, unclear which exact cell populations aspirin might affect in vivo. Therefore, we 

implemented the effect of aspirin in the epidemiological model by testing three different sets 

of assumptions: (a) the fitness of type 6 cells is reduced; (b) the fitness of type 2-6 cells is 

reduced; (c) crypt fission rate is reduced. 

 

The first two models (see (a) and (b) below) assume that aspirin reduces the fitness of some cell 

types. The effect on fitness could be the result of a reduction of the division rate, an increase in 

the death rate, and/or an increase in the differentiation rate of the cells; for the purposes of 

our model, it is the combined effect that changes the cells' relative fitness and decreases the 

probability of crypt conversion. For example, in our previous in vitro study [8], the strongest 

aspirin dose was associated with a (roughly) two-fold decrease in the division rate of cells and a 

roughly 1.5-fold increase in the death rate of cells. In our in vivo study [7], parameter changes 

under different aspirin doses were measured in xenografts. It was found that the strongest 

dose (100 mg/kg) resulted in a roughly 35% reduction of the cell division rates and a roughly 

two-fold increase in the death rate. A smaller dose of 15 mg/kg was associated with an 

approximately 14% reduction in the cells9 division rate and a 30% increase in the death rate.  

 

Translating this information into the fold decrease in SC fitness is not a straightforward task. In 

particular, while fold-reduction in division rate could be directly implemented, an increase in 

death rate is less straightforward. This is because of differences between the SC dynamics in 

healthy or partially transformed colonic crypts modeled here, and cell line dynamics observed 

in our previous experiments [7,8]. Cell lines undergo a net expansion, which is a result of cell 

divisions and cell deaths (apoptosis). It was established that the rates of both of these 

processes were affected by aspirin. On the other hand, the dynamics in colonic crypts is a 

balance between SC proliferations and SC differentiations, with a possible contribution of SC 

apoptosis. It is important to note that SC death in the absence of aspirin treatment is not likely 

a big contributor to the turnover dynamics. Therefore, if the rate of SC apoptosis is increased, 

say, two-fold in the presence of aspirin, this does not translate to a two-fold reduction in SC 
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fitness. In the extreme scenario of zero SC death in the absence of aspirin, a two-fold increase 

in this parameter will not lead to a change in SC fitness.  

 

Taking this into account, we view the aspirin-related increase in cell death as a less important 

factor compared to the decrease in the self-renewal rate. Aspirin-related changes in the self-

renewal rate alone can lead to a two-fold decrease in cell fitness (factor of 0.5, associated with 

the strongest dose of 100 mg/kg); the weakest dose tested (15 mg/kg) leads to a factor of 0.86. 

Further, if we assume that SC death comprises 10% of all SC <removal= (that is, in the absence 

of aspirin, the SC apoptosis rate is about 1/10 of SC differentiation rate), then the death rate 

increase by a factor of 2 (the largest observed) translates into a 10% increase in the removal 

rate, or an additional factor of 0.9 multiplying the SC fitness. For the purposes of this study we 

will therefore focus on the range of aspirin fitness reduction factors between 0.45 for the 

largest aspirin dose, 0.85 for the dose of 15mg/kg, and higher for smaller doses.    

 
Figure 4. The effect of aspirin on the adenoma incidence curve. Top row: adenoma incidence 

curves are plotted for the best fitting parameter combination of figure 2(b); the different curves 

correspond to the different degrees of aspirin influence. Bottom row: the relative incidence at 

age 70 plotted as a function of the aspirin-induced fold reduction of the appropriate quantity, 

which is (a) fitness of type 6 cells, (b) fitness of type 2,3,4,5,6 cells and (c) crypt fission rate. The 

relative fitness is plotted for all the parameter combinations in the region of low error in figure 

2(b). The rest of the parameters are as in figure 2(b). 
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(a) Aspirin reduces the relative fitness of cells of type 6 (that is, the most modified cell type 

that combines both the APC-/- mutation and the KRAS+ mutation). Assuming that aspirin 

reduces the relative fitness of type 6, we postulate that the crypt conversion rates R36 and R56 

are modified by a factor less than one. Using the best fitting parameter combination from figure 

2(b), we reduced the fitness of type 6 cells by multiplying it by a factor from 1 to 0; the resulting 

incidence curves are shown in the top plot of panel (a) of figure 4:  the stronger the fitness 

reduction, the lower the incidence. The bottom graph shows the relative incidence at age 70, 

which is defined as the incidence under aspirin treatment divided by the incidence in the 

absence of aspirin treatment. This quantity for advanced adenma has been reported to vary 

between about 0.5 (the dashed horizontal line) and 1, depending on the aspirin dose [35]. The 

relative incidence is plotted as a function of the aspirin-induced factor that reduces the fitness 

of the type 6 cells; as expected, the relative incidence is a monotonic function of this factor. 

Instead of plotting a single curve corresponding to the best fitting parameters of figure 2, we 

plotted several curves that correspond to the region of low error in that figure. We observe that 

these fits (which correspond to different values of SC division rate) result in very similar relative 

incidence plots.  

 

We can compare the obtained relative adenoma risk with the data reported in the literature, 

see e.g. [35,36,37,38]. In particular, the dose-dependence of colorectal adenoma was studied 

[35], and it was shown that the relative risk for adenoma was 0.80 for women who used 0.5 - 

1.5 standard tablets per week, 0.74 for those who used 2 - 5 tablets per week, 0.72 for those 

who used 6 - 14 tablets per week, and 0.49 for those who used more than 14 tablets per week. 

Comparing this with the relative adenoma risk plot in figure 4(a), we can see that the model 

predictions are very consistent with the observed bounds: for the strongest aspirin dose, which 

translates in the fitness reducing factor of 0.45, the relative risk is predicted to be just under 

0.5, and for the dose of 15 mg/kg (factor of 0.85), the relative risk is about 0.85. 

 

(b)  Aspirin reduces the relative fitness of cells of types 246 (that is, all the modified types). 

The results are presented in panel (b) of figure 4. As in the previous case (panel (a)), different 
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values of SC division rate lead to very similar relative incidence curves.  Since not only rates R36 

and R56 are now lowered, but also rates R12 and R14, the incidence of adenoma decreases more, 

which results in a lower value for the relative incidence curve (the bottom graph). For example, 

the highest aspirin dose (which corresponds to the factor of 0.45 on the horizontal axis) is 

predicted to lead to a more than 5-fold reduction in the adenoma incidence, which is a much 

stronger reduction than two-fold, as observed in [35]. Therefore, we conclude that in the 

framework of this model aspirin is not likely to strongly reduce the fitness of partially-

transformed cells, or that its influence on such cells is significantly weaker compared to the 

fitness reduction of the type-6 cells (advanced adenoma cells).  

 

(c) Aspirin reduces the fission rate of the crypts by lowering the values of parameters g3 and g4, 

(see panel (c) of figure 4). As before, the incidence of adenoma is predicted to be reduced 

under aspirin, but compared to the previous simulations, the exact shape of the relative 

incidence function is more sensitive to the base SC division rate. In other words, even though 

the parameter combinations from the Region of low error in figure 2 all produce very similar fits 

to the incidence curve, the incidence reduction due to aspirin is sensitive to these parameters. 

As for the extent of the aspirin-induced reduction in the adenoma risk, it appears to be 

consistent with the reported risk reduction at least for a subset of the parameter combinations. 

Therefore, this mechanism cannot be rejected based on the predicted late adenoma incidence 

reduction.  

 

Discussion 

 

 We used mathematical modeling approaches to test the hypothesis that the changes in tumor 

cell kinetics observed during aspirin treatment in vitro and in vivo can translate into a 

protective effect on a population level that is consistent with epidemiological observations for 

late adenoma. This was done by first constructing a mathematical model of in vitro 

carcinogenesis describing evolutionary events leading up to the late adenoma stage. This model 

was then used to calculate expected population incidence as a function of age. Many of the 

model parameters have recently been estimated experimentally, which provides a solid basis 
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for this modeling effort. Remaining parameters were estimated by fitting the incidence 

prediction to epidemiological data on late adenoma detection. A linear model that did not 

include inter-crypt competition was rejected because its best fits corresponded to zero crypt 

fission rates, and the more (statistically) powerful model was adopted instead, where individual 

mutated crypts experienced both fission and nonlinear competition dynamics.   This 

parameterized model was used as a basis to explore how changes in the kinetics / fitness of 

cells, brought about by aspirin, can modify the predicted incidence of late adenomas.  

 

Both our in vitro and in vivo work indicated that aspirin reduces the rate of colorectal tumor cell 

division and increased the rate of tumor cell death in a dose-dependent way, by up to two-fold 

for the largest aspirin dose used in these experiments. Our modeling in the current study has 

demonstrated that changes in the cellular fitness of a magnitude that lies within our 

experimentally observed range can lead to significant reductions in late adenoma incidence. 

Epidemiological data suggest that adenoma incidence is reduced by aspirin in a dose-

dependent manner, with the incidence cut in half for the highest doses explored [35]. A 

reduction of this magnitude is predicted in our model if aspirin is assumed to reduce the 

cellular fitness generally less than two-fold, which is within our experimentally observed range. 

Therefore, we can conclude that the aspirin-induced changes in cellular fitness that we 

observed experimentally can in principle explain a significant portion of the protective effect 

observed on the population level.  

 

This does of course not preclude alternative mechanisms that can further contribute to 

the protective effect. It is very likely that a reduction in the level of inflammation within the 

microenvironment of the cells can reduce the incidence of colorectal cancer, because 

inflammation has been identified as a driver of this disease [6]. Furthermore, the CAPP2 study 

[5] showed that the protective effect of aspirin was only observed after a follow-up time of 

more than 55 months, indicating that further, yet to be determined, complexities are at work 

that lead to this delay in outcome.  Our analysis, however, points out that a direct effect of 

aspirin on the tumor cells can be one important determinant of protection.  
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As with most mathematical modeling studies, there are uncertainties in assumptions 

that need to be kept in mind.  Our experiments [7,8] were performed with tumor cell lines, 

both in vitro and in mouse xenografts. Cellular processes in the human colon, however, are 

most likely driven by stem cell dynamics, and differences in response to aspirin may exist. Data 

from mice, however, indicate that stem cells react to aspirin in a similar way as documented in 

our experimental studies [39], indicating that these effects carry over. Another point of 

uncertainty concerns the identity of the cell populations that are affected by aspirin. To address 

this, we made several assumptions, and results remained robust. Thus, we assumed that aspirin 

influences only the most advanced adenoma cell population, characterized by APC-/- and 

KRAS+ mutations. Results remained fairly similar in an alternative model, where all cells that 

have either acquired an APC or a KRAS mutation are impacted by aspirin (although in this case 

the effect of aspirin is stronger, which is not surprising given that a larger cell population loses 

fitness). There is evidence that aspirin might influence not only the cell dynamics themselves, 

but also the crypt fission dynamics, reducing the rate at which crypts divide. Incorporation of 

this effect into our model does not lead to qualitative changes in our conclusions.    

 

 An important component of all of this work is the underlying mathematical model of in 

vivo adenoma formation. The assumptions about the genetic events that occur during adenoma 

formation are consistent with our current understanding of adenoma evolution [17], and a 

similar model that also includes evolutionary events beyond adenomas has recently been 

published [19]. An important difference between our and the previous model concerns 

assumptions about crypt fission dynamics. The previous study [19] assumed that crypt fission 

can occur without density-dependent effects. Using experimentally available parameter 

estimates, this model could account for the life-time risk of colorectal cancer. When applying a 

similar model to late adenoma age incidence data, however, we could not obtain a good fit for 

the age-incidence curve, and the best fit was in fact obtained in the absence of any crypt 

fission. With unlimited crypt fission, the predicted adenoma incidence rose too sharply with age 

compared to epidemiological data. When introducing density-dependence into the crypt fission 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 12, 2021. ; https://doi.org/10.1101/2021.05.11.443671doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.11.443671
http://creativecommons.org/licenses/by-nc-nd/4.0/


 17 

process, however, late adenoma age incidence data could be readily fit, and so we used this 

model assumption to go forward. Indeed, it is likely that density-dependent effects play a role 

in crypt fission, because this process is probably influenced by signaling factors that become 

limiting as the number of crypts increases. It would be important to verify this assumption 

experimentally in future work. 

 

 Crypt fissions is a process that is well documented with data [26], and this is the reason 

that we incorporated it into our model. The question can, however, be asked whether crypt 

fission is the primary driver of transformed cell expansion, or whether a more general 

proliferation of cells, with consequent development of altered crypts or glands, drives disease 

development. It turns out that similar results are obtained when a model is considered 

assuming that density-dependent proliferation of cells beyond the crypt size (rather than 

proliferation of crypts) drives adenoma development. This model is presented in the 

Supplementary materials, and results in similar conclusions when used to quantity the effect of 

aspirin.    

 

   In conclusion, this modeling analysis suggests that a direct impact of aspirin on the 

kinetics and fitness of mutated cells can significantly reduce the incidence of colorectal 

adenomas, with a magnitude that is consistent with epidemiological data. This highlights the 

importance of investigating this effect of aspirin experimentally in more detail, especially under 

experimental conditions that approximate cell dynamics in the human colorectal tissue with 

greater accuracy.   

 

 

Acknowledgements: Support of the following grants is gratefully acknowledged: NIH 1 U01 

CA187956-01 (AG, RB, NK, DW);  NSF-Simons Center for Multiscale Cell Fate Research (NK, YW); 

NIH/NCI U54-CA217378 (NK, DW, YW). 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 12, 2021. ; https://doi.org/10.1101/2021.05.11.443671doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.11.443671
http://creativecommons.org/licenses/by-nc-nd/4.0/


 18 

 

1. Siegel RL, Miller KD, Goding Sauer A, Fedewa SA, Butterly LF, et al. (2020) Colorectal cancer 

statistics, 2020. CA: a cancer journal for clinicians 70: 145-164. 

2. Chan AT, Arber N, Burn J, Chia WK, Elwood P, et al. (2012) Aspirin in the chemoprevention of 

colorectal neoplasia: an overview. Cancer Prev Res (Phila) 5: 164-178. 

3. Thun MJ, Namboodiri MM, Heath Jr CW (1991) Aspirin use and reduced risk of fatal colon 

cancer. New England Journal of Medicine 325: 1593-1596. 

4. Goel A, Chang DK, Ricciardiello L, Gasche C, Boland CR (2003) A novel mechanism for aspirin-

mediated growth inhibition of human colon cancer cells. Clin Cancer Res 9: 383-390. 

5. Burn J, Gerdes AM, Macrae F, Mecklin JP, Moeslein G, et al. (2011) Long-term effect of aspirin 

on cancer risk in carriers of hereditary colorectal cancer: an analysis from the CAPP2 

randomised controlled trial. Lancet 378: 2081-2087. 

6. Itzkowitz SH, Yio X (2004) Inflammation and cancer IV. Colorectal cancer in inflammatory 

bowel disease: the role of inflammation. American journal of physiology-gastrointestinal 

and liver physiology 287: G7-G17. 

7. Shimura T, Toden S, Komarova NL, Boland C, Wodarz D, et al. (2020) A comprehensive in vivo 

and mathematic modeling-based kinetic characterization for aspirin-induced 

chemoprevention in colorectal cancer. Carcinogenesis. 

8. Zumwalt TJ, Wodarz D, Komarova NL, Toden S, Turner J, et al. (2017) Aspirin-Induced 

Chemoprevention and Response Kinetics Are Enhanced by PIK3CA Mutations in 

Colorectal Cancer Cells. Cancer Prev Res (Phila) 10: 208-218. 

9. Wodarz D, Goel A, Boland CR, Komarova NL (2017) Effect of aspirin on tumour cell colony 

formation and evolution. J R Soc Interface 14. 

10. Fisher J, Hollomon J (1951) A hypothesis for the origin of cancer foci. Cancer 4: 916-918. 

11. Nordling C (1953) A new theory on the cancer-inducing mechanism. British journal of cancer 

7: 68. 

12. Armitage P, Doll R (1954) The age distribution of cancer and a multi-stage theory of 

carcinogenesis. Br J Cancer 8: 1-12. 

13. Luebeck EG, Moolgavkar SH (2002) Multistage carcinogenesis and the incidence of 

colorectal cancer. Proc Natl Acad Sci U S A 99: 15095-15100. 

14. Meza R, Jeon J, Moolgavkar SH, Luebeck EG (2008) Age-specific incidence of cancer: Phases, 

transitions, and biological implications. Proceedings of the National Academy of 

Sciences 105: 16284-16289. 

15. Moolgavkar SH (1978) The multistage theory of carcinogenesis and the age distribution of 

cancer in man. J Natl Cancer Inst 61: 49-52. 

16. Hornsby C, Page KM, Tomlinson IP (2007) What can we learn from the population incidence 

of cancer? Armitage and Doll revisited. The lancet oncology 8: 1030-1038. 

17. Fearon ER (2011) Molecular genetics of colorectal cancer. Annu Rev Pathol 6: 479-507. 

18. Ashley D (1969) The two" hit" and multiple" hit" theories of carcinogenesis. British journal 

of cancer 23: 313. 

19. Paterson C, Clevers H, Bozic I (2020) Mathematical model of colorectal cancer initiation. 

Proceedings of the National Academy of Sciences 117: 20681-20688. 

20. Komarova NL, Lengauer C, Vogelstein B, Nowak MA (2002) Dynamics of genetic instability in 

sporadic and familial colorectal cancer. Cancer Biol Ther 1: 685-692. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 12, 2021. ; https://doi.org/10.1101/2021.05.11.443671doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.11.443671
http://creativecommons.org/licenses/by-nc-nd/4.0/


 19 

21. Komarova NL, Sengupta A, Nowak MA (2003) Mutation-selection networks of cancer 

initiation: tumor suppressor genes and chromosomal instability. J Theor Biol 223: 433-

450. 

22. Nowak MA, Komarova NL, Sengupta A, Jallepalli PV, Shih Ie M, et al. (2002) The role of 

chromosomal instability in tumor initiation. Proc Natl Acad Sci U S A 99: 16226-16231. 

23. Shahriyari L, Komarova NL (2013) Symmetric vs. asymmetric stem cell divisions: an 

adaptation against cancer? PLoS One 8: e76195. 

24. Shahriyari L, Komarova NL, Jilkine A (2016) The role of cell location and spatial gradients in 

the evolutionary dynamics of colon and intestinal crypts. Biology Direct 11: 1-17. 

25. Nicholson AM, Olpe C, Hoyle A, Thorsen A-S, Rus T, et al. (2018) Fixation and spread of 

somatic mutations in adult human colonic epithelium. Cell Stem Cell 22: 909-918. e908. 

26. Humphries A, Wright NA (2008) Colonic crypt organization and tumorigenesis. Nature 

Reviews Cancer 8: 415-424. 

27. Humphries A, Cereser B, Gay LJ, Miller DS, Das B, et al. (2013) Lineage tracing reveals 

multipotent stem cells maintain human adenomas and the pattern of clonal expansion 

in tumor evolution. Proceedings of the National Academy of Sciences 110: E2490-E2499. 

28. Baker A-M, Cereser B, Melton S, Fletcher AG, Rodriguez-Justo M, et al. (2014) Quantification 

of crypt and stem cell evolution in the normal and neoplastic human colon. Cell reports 

8: 940-947. 

29. Network CGA (2012) Comprehensive molecular characterization of human colon and rectal 

cancer. Nature 487: 330. 

30. Jen J, Powell SM, Papadopoulos N, Smith KJ, Hamilton SR, et al. (1994) Molecular 

determinants of dysplasia in colorectal lesions. Cancer research 54: 5523-5526. 

31. Chan TL, Zhao W, Leung SY, Yuen ST (2003) BRAF and KRAS mutations in colorectal 

hyperplastic polyps and serrated adenomas. Cancer research 63: 4878-4881. 

32. Jass JR (2006) Colorectal cancer: a multipathway disease. Critical Reviews# in Oncogenesis 

12. 

33. Pretlow TP, Pretlow TG (2005) Mutant KRAS in aberrant crypt foci (ACF): initiation of 

colorectal cancer? Biochimica et Biophysica Acta (BBA)-Reviews on Cancer 1756: 83-96. 

34. Brenner H, Altenhofen L, Stock C, Hoffmeister M (2014) Incidence of colorectal adenomas: 

birth cohort analysis among 4.3 million participants of screening colonoscopy. Cancer 

Epidemiology and Prevention Biomarkers 23: 1920-1927. 

35. Chan AT, Giovannucci EL, Schernhammer ES, Colditz GA, Hunter DJ, et al. (2004) A 

prospective study of aspirin use and the risk for colorectal adenoma. Annals of internal 

medicine 140: 157-166. 

36. Cole BF, Logan RF, Halabi S, Benamouzig R, Sandler RS, et al. (2009) Aspirin for the 

chemoprevention of colorectal adenomas: meta-analysis of the randomized trials. JNCI: 

Journal of the National Cancer Institute 101: 256-266. 

37. Cao Y, Nishihara R, Wu K, Wang M, Ogino S, et al. (2016) Population-wide impact of long-

term use of aspirin and the risk for cancer. JAMA oncology 2: 762-769. 

38. Drew DA, Cao Y, Chan AT (2016) Aspirin and colorectal cancer: the promise of precision 

chemoprevention. Nature Reviews Cancer 16: 173. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 12, 2021. ; https://doi.org/10.1101/2021.05.11.443671doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.11.443671
http://creativecommons.org/licenses/by-nc-nd/4.0/


 20 

39. Chen Z, Li W, Qiu F, Huang Q, Jiang Z, et al. (2018) Aspirin cooperates with p300 to activate 

the acetylation of H3K9 and promote FasL-mediated apoptosis of cancer stem-like cells 

in colorectal cancer. Theranostics 8: 4447. 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 12, 2021. ; https://doi.org/10.1101/2021.05.11.443671doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.11.443671
http://creativecommons.org/licenses/by-nc-nd/4.0/

