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Abstract

Carcinogenesis is a process of somatic evolution. Previous models of stem and tran-
sient amplifying cells in epithelial proliferating units like colonic crypts showed that
intermediate numbers of stem cells in a crypt should optimally prevent progression
to cancer. If a stem cell population is too small, it is easy for a mutator mutation to
drift to fixation. If it is too large, it is easy for selection to drive cell fitness enhancing
carcinogenic mutations to fixation. Here, we show that a multiscale microsimulation,
that captures both within-crypt and between-crypt evolutionary dynamics, leads to
a different conclusion. Epithelial tissues are metapopulations of crypts. We meas-
ured time to initiation of a neoplasm, implemented as inactivation of both alleles of a
tumor suppressor gene. In our model, time to initiation is dependent on the spread of
mutator clones in the crypts. The proportion of selectively beneficial and deleterious
mutations in somatic cells is unknown and so was explored with a parameter. When
the majority of non-neutral mutations are deleterious, the fitness of mutator clones
tends to decline. When crypts are maintained by few stem cells, intercrypt competi-
tion tends to remove crypts with fixed mutators. When there are many stem cells
within a crypt, there is virtually no crypt turnover, but mutator clones are suppressed
by within-crypt competition. If the majority of non-neutral mutations are beneficial
to the clone, then these results are reversed and intermediate-sized crypts provide
the most protection against initiation. These results highlight the need to understand
the dynamics of turnover and the mechanisms that control homeostasis, both at the
level of stem cells within proliferative units and at the tissue level of competing prolif-
erative units. Determining the distribution of fitness effects of somatic mutations will

also be crucial to understanding the dynamics of tumor initiation and progression.
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1 | INTRODUCTION

The organization of a population into spatially distinct subpopula-
tions can have a dramatic effect on the evolution of that metapop-
ulation (Hanski & Gaggiotti, 2004). This has implications for both
the evolution of organisms and for the effect of tissue architecture
on somatic evolution and tissue health. In multicellular organisms,
epithelia are typically divided into subpopulations of tissue stem
cells along with the transient amplifying cells and differentiated
cells that they produce. These subpopulations go by different
names in different tissues, such as crypts in the intestine, or more
generally, epithelial proliferative units. Cairns first recognized that
the division of stem cells into subpopulations, such as crypts, acts
as a tumor suppressor (Cairns, 1975). A mutant stem cell with a
reproductive or survival advantage may take over a crypt, but is
generally constrained from expanding beyond that subpopula-
tion unless it breaches the crypt via a process known as “crypt
fission” which tends to duplicate the mutant crypt cell population.
However, by establishing a (population) size barrier the mutant
clone has to overcome, the subpopulation structure of the tissue
limits the probability that that clone will acquire further carcino-
genic mutations. Yet, clones of mutant stem cells can be observed
at scales spanning many crypt diameters, especially in compro-
mised tissues such as ulcerative colitis and Barrett's esophagus
(Maley et al., 2004; Salk et al., 2009). A fundamental question is
therefore how the crypt-level metapopulation dynamics affect the
accumulation of somatic mutations during carcinogenesis.

Here, we explore the evolutionary dynamics of mutant stem
populations that lead to tumor initiation, that is, the breach of the
crypt barrier allowing clonal expansions of crypts across a tissue, as
well as of mutant stem cells within (and out of) a crypt. While there
may be multiple pathways to tumor initiation, it has been shown
that the inactivation of a single tumor suppressor gene (TSG) such
as the adenomatous polyposis coli (APC) gene in colon is sufficient
to abrogate crypt homeostasis, leading to the formation of aberrant
crypts and nascent adenomas (Humphries & Wright, 2008). Using
an agent-based microsimulation model for both stem cell turnover
within a crypt and for the crypt-population (tissue-level) dynamics,
we study the role of pretumor evolution in tumor initiation. This ex-
ploration allows for the selection of mutant crypts across the tissue
prior to the inactivation of the tumor suppressor gene—a form of
premalignant field cancerization—while the stem cell in which the
tumor suppressor is inactivated can proliferate beyond the limit of a
single crypt, due to crypt bifurcation.

The evolution of somatic cells is a complex multiscale process
depending on the nature of somatic mutations, which may either
increase or decrease cell fitness, stem cell divisions, and differ-
entiation or apoptosis, as well as subpopulation (e.g., crypt) di-
vision and extinction rates. There is considerable evidence that
carcinogenesis involves both an increase in the rate of (epi)genetic
lesions (Bielas, Loeb, Rubin, True, & Loeb, 2006; Breivik, 2005;
Ji & King, 2001; Weisenberger et al., 2006) and expansions of

clones with a relative fitness advantage over their competitor cells
(Cannataro, Gaffney, & Townsend, 2018; Maley etal.,2004; Pepper,
Findlay, Kassen, Spencer, & Maley, 2009; Vermeulen et al., 2013;
Williams et al., 2018). However, it continues to be unclear whether
the mutator phenotype is a pre-initiation phenomenon in car-
cinogenesis or is more likely to occur during tumor progression.
In Barrett's esophagus, another crypt-structured precancer, we
found evidence that genomic instability precedes genome dou-
bling and transformation (Martinez et al., 2018). The frequency of
deleterious versus beneficial mutations in somatic cells is also un-
known, though the large number of genes in metazoans devoted to
differentiation, apoptosis, and cell cycle control suggests that the
frequency of deleterious mutations may be lower in somatic evo-
lution than organismal evolution (Rajagopalan, Nowak, Vogelstein,
& Lengauer, 2003). Recent analysis of somatic mutations in cancer
found no evidence of purifying selection, except in a few essential
genes, and strong evidence of positive selection, with large selec-
tive effects (Williams et al., 2018), suggesting that beneficial mu-
tations are more common than deleterious mutations in somatic
evolution (Martincorena et al., 2017). Although a definitive answer
to these questions can only come from further experimental data,
a theoretical exploration that recognizes the roles of metapopu-
lation dynamics, the mutator phenotype, and the proportion of
deleterious to advantageous mutations in the process of tumor
initiation is called for. Such an exploration will help the identifica-
tion of factors that drive the tumor initiation process.

Our model integrates previous efforts to characterize the
stem cell dynamics within a crypt (Cannataro, McKinley, & St
Mary, 2016; Cannataro, McKinley, & St. Mary, 2017; Frank, Iwasa, &
Nowak, 2003; Komarova, 2005; Komarova & Cheng, 2006;
Loeffler, Birke, Winton, & Potten, 1993; Meineke, Potten, &
Loeffler, 2001; Michor, Frank, May, lwasa, & Nowak, 2003; Nowak
et al., 2003; Pepper, Sprouffske, & Maley, 2007) with models
of the dynamics of crypt populations (Cannataro et al.,, 2017,
Chao, Eck, Brash, Maley, & Luebeck, 2008; Kostadinov, Maley, &
Kuhner, 2016; Loeffler, Bratke, Paulus, Li, & Potten, 1997;
Totafurno, Bjerknes, & Cheng, 1987). Mathematical studies of the
stem cell population in the crypt niche suggest that (epi)genetic
alterations that increase the rate of genetic lesions (mutator mu-
tations) and reduce the fitness of stem cells will tend to drift to
fixation if the stem cell population is small, whereas carcinogenic
mutations that increase the proliferation or survival of a stem cell
will tend to spread if the stem cell population is large (Cannataro
et al., 2016, 2017; Komarova, 2005; Michor et al., 2003), assuming
that most non-neutral somatic mutations are deleterious. The ac-
cumulation of deleterious mutations may lead to senescence of the
intestine over time (Cannataro et al., 2016). However, competition
between crypts of different fitnesses may significantly change
the dynamics of the establishment of a mutator clone, through a
metapopulation dynamic. Our in silico experiments suggest that
there may have been selection at the level of the organism to

minimize the number of stem cells within each subpopulation of
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its structured epithelium so as to reduce the probability of tumor
suppressor gene inactivation and the initiation of carcinogenesis.

2 | Methods

We implemented a multiscale model of epithelial tissue architec-
ture with stem cells subdivided into crypts under homeostatic con-
trol. We examined the time required until the two alleles of a tumor
suppressor gene (TSG) were inactivated in at least one stem cell to
represent tumor initiation. The model was run at least 50 times for
every parameter setting. Crypts were arranged in a flat hexagonal
tissue, similar to that observed in colon, and contained a popula-
tion of stem cells as well as an implicitly modeled transient am-
plifying compartment. Stem cells divided both symmetrically and
asymmetrically. Symmetric division resulted in two daughter stem
cells each having the opportunity during the division event (syn-
thesis) to acquire a mutation. Asymmetric division did not result
in any new stem cells, but did provide an opportunity for stem cell
mutation. Stem cell loss, due to cell death or differentiation, and
stem cell gain due to division events were modeled as a stochastic
birth-death process with parameters that were functions of the
stem cell fitness and of homeostatic feedback effects in response
to deviations of the crypt cell population from its normal target
level (Equations 1 and 2). A flow chart of the model algorithm is
shown in Figure S1.

Homeostasis operated at two spatial scales. Within a crypt,
if the stem cell population dropped below the target level, stem
cell division rates increased by a parameterized amount (Equation
3). If the population rose above the target level, stem cell loss
rates increased (Equation 2). The level of homeostatic feedback
was proportional to the degree of deviation away from the target
equilibrium level (Equations 2 and 3). We also introduced a mech-
anism for homeostasis on the hexagonal lattice of crypts. If all the
stem cells in a crypt died, the inhibition on stem cell population
growth was released from the neighboring crypts. When the stem
cell population of a neighbor reached twice the equilibrium level,
we modeled crypt bifurcation by allocating half of its stem cells to
a new crypt in the location of the dead neighbor.

We included both beneficial mutations that increased the di-
vision probability or the survival probability of stem cells as well
as deleterious mutations that decreased them. These can accumu-
late indefinitely and affect fitness multiplicatively (Equation 4). We
also implemented a genetic instability mutation that increased the
clone's mutation rate 100-fold (Bielas et al., 2006; Herr, Kennedy,
Knowels, Schultz, & Preston, 2014; Ji & King, 2001). The frequency
of each mutation type (those that changed the cell's fitness, the
proportion of non-neutral mutations that were deleterious, as well
as the rate of TSG inactivation) was set by parameters. Each muta-
tion affected proliferation, survival, or mutation rate parameters
by a constant factor. Half of the deleterious mutations decreased
stem cell proliferation, and half decreased their survival (increased

cell loss). For the beneficial mutations, 40% increased the cell's

T\ || £y

proliferation rate, 40% decreased stem cell loss, and 20% caused
the mutator phenotype.

The following equations and assumptions govern the model

2.1 | Equations

Equation 1: Time to stem cell loss

Let t be a random exponential deviate with distribution function
f, (t) and rate parameter r. The time to cell loss due to apoptosis or
differentiation is the minimum of the time to cell loss due to back-
ground cell death or differentiation and the time to cell loss due to
crypt feedback.

tcell_loss =min (tl ~ fbackground_loss’ ty~ ffeedback_loss) . (1)

Equation 2: Homeostatic crypt feedback by differentiation
When the stem cell population within a crypt expands beyond

the homeostatic target level (k,

crypty_sizeh» the crypt provides homeo-

static feedback via a change in the rate of stem cell loss with a rate
parameter equal to the base stem cell loss rate multiplied by the
crypt feedback multiplier. The crypt feedback rate multiplier is used
to calculate the time to stem cell loss due to crypt homeostatic feed-
back. The crypt feedback multiplier is equal to 2 raised to the nth
power where n is the excess number of stem cells above the crypt
size, divided by the ke pt deviation Parameter. Here, kypi deviation = 0-2
and Kqypn size IS @ parameter that we varied across experiments.

I'teedback\ cell loss = base cell Iosszmax(oynceus_kcrypt’me)/kwpt’dewaﬂc" (2)

Equation 3: Homeostatic crypt feedback by proliferation

When the stem cell population of a crypt drops below Keqypn sizes
the division rate of the remaining stem cells is increased by a factor
that depends on the difference between the current number of stem
Jand k

cells (n crypt\_size:

cells

Fteedback_division = I'base_division ZmGX(OYkCWDLSize_nce"S)/kcrypt’dewmon (3)

Equation 4: Fitness mutation effects

Ketness IS @ constant factor representing the effect of a single ben-
eficial mutation on fitness. As a first approximation, we assume that
there are many possible mutations that increase and decrease the
fitness of a somatic clone by approximately the same amount, and
so, the effect of n beneficial mutations (Npenencia) ON Stem cell fitness
is the constant fitness effect raised to the nth power. The effect of
n deleterious mutations (Nyeeterious) Of SMall effect is just the inverse
of Keness Faised to the nth power. There is a separate mg,..s calcu-
lated for the division probability and the survival probability of a cell,
because beneficial and deleterious mutations may affect either of
those probabilities.

Ndeleterious
L > (4)

_ Npeneficial
mﬁtness - (kﬁtness) <k
fitness
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FIGURE 1 Plots of cumulative hazard functions using the Kaplan-Meier estimator. The tissue was 5 x 5 crypts with 10 stem cells per
crypt. In panels (a) through (d), each colored line represents the function for a specific proportion of deleterious mutations. (a) Baseline
experiment with default parameter values (Table 1). (b) Mutation rate reduced to 0.1X of baseline. (c) Mutator phenotype reduced to 0.1X of
baseline. (d) Each colored line represents a different number of cells per crypt. All proportions of deleterious mutations were included

2.2 | Assumptions

Crypts consist of stem cells and of transient amplifying cells.

Crypt density is fixed, that is, the tissue contains a fixed number
of crypts arranged on a hexagonal grid.

The number of cells in a crypt transient amplifying compartment
is fixed.

Crypts attempt to maintain a stable population of stem cells

through homeostatic feedback. When the number of stem cells

drops below the target level, the division rate of each stem cell in
the crypt is increased. When the number of stem cells grows above
the target level, the cell loss rate of each stem cell in the crypt is
increased.

Crypts divide to fill vacant slots left by adjacent crypts that have
gone extinct due to loss of the constituent stem cells.

The extinction of an adjacent crypt suppresses the homeostatic
apoptotic signals, allowing the stem cell populations in neighbor-

ing crypts to expand. Once that extinct crypt is replaced, the normal
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TABLE 1 Baseline simulation parameters

Simulation
Maximum simulation duration in days
Stem cell
Division rate (fpase\ division)
Ratio of asymmetric divisions to symmetric divisions
Stem cell loss rate (rpase celn loss)
Mutation rate per stem cell division
Mutation rate maximum
Tumor suppressor gene mutation rate
Tumor suppressor gene mutation rate maximum
Number of transient amplifying cells associated with each stem cell
Cell division minimum time in days
Cell loss minimum time in days
Crypt

Target equilibrium level of number of stem cells in a crypt (Kqqypt size)

T\ || £y

29,220 (80 years)

0.05

20

0.04878

5x10-4

5x10-2

5 x 10-7 (also tested 5 x 10-8)
5x10-5

2048

0.05

0

default 10 (varied from 2-180)

Standard deviation from equilibrium level. the crypt uses this value to determine its level of effect on 2.0

the cell loss and division rates of the stem cells (K ryp\ deviation)
Bifurcation threshold factor below which a crypt will not bifurcate
Crypt cell loss effect multiplier
Crypt division effect multiplier
Multiplier to the division effect for each dead neighbor crypt

Cancer

2.0
2.0
2.0
2

Uncontrolled cell proliferation threshold. If a crypt has this threshold times the equilibrium number of 4

stem cells, it is considered to be experiencing uncontrolled stem cell.

Number of tumor suppressor gene hits that mean cancer
Mutation

Percent of non-neutral mutations that are deleterious

45%-95%

The factor affecting the loss rate of the stem cell from a beneficial mutation (1/Kgness) 0.990099
The factor affecting the division rate of the stem cell from a beneficial mutation (kgness) 1.01
The factor affecting the cell loss rate of the stem cell from a deleterious mutation (kness) 1.01
The factor affecting the division rate of the stem cell from a deleterious mutation (1/kgness) 0.990099

The factor affecting the mutation rate of the stem cell from a mutator mutation

homeostatic controls on stem cell numbers of neighboring crypts are
restored.

Crypt division is triggered by an expansion of the stem cell pop-
ulation of a crypt to twice its homeostatic level, as hypothesized by
Garcia, Park, Novelli, and Wright (1999), as long as there is an empty
slot adjacent to the enlarged crypt.

A stochastic birth-death process governs the scheduling of divi-
sion and cell loss events.

Fitness mutations affect in a multiplicative fashion the rate pa-
rameters of the birth-death process.

There is a single mutator phenotype that requires only a single mu-
tator mutation. Additional mutator mutations have no effect on the
mutation rate.

The loss of the first allele of the TSG has no effect on stem cell

fitness.

100 (also tested 10)

3 | RESULTS

3.1 | TSG inactivation depends on the emergence of
a mutator

At baseline, for comparison, our tissue was a 5x5 hexagonal lat-
tice of crypts, each crypt having 10 stem cells. Stem cell loss
and symmetric division rates were balanced. Mutations were ac-
quired stochastically with probabilities defined by proportions
starting with 50% deleterious mutations, 40% beneficial muta-
tions, and 10% mutator mutations and ranging in increments to
95% deleterious, 4% beneficial, and 1% mutator (4:1 beneficial
versus mutator). The incidence of TSG inactivation decreased
as the proportion of deleterious mutations increased (Figure 1a,
Table 1).
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Reducing the base mutation rate to 10% of baseline, we ob-
served a marked decrease in TSG inactivation (Figure 1b), as ex-
pected. Similarly, reducing the effect of the mutator mutation to
10X the baseline mutation rate, instead of 100X, produced a signif-
icant decrease in TSG inactivation (Figure 1c). We found that the
vast majority of TSG inactivation occurred in stem cells that had pre-
viously acquired the mutator phenotype (Figure S2). This assumes
that the mutator phenotype can be caused by a single mutation that
is otherwise neutral (e.g., overexpression of DNA polymerase beta
(Canitrot et al., 1998) or a dominant-negative mutation in p53 (de

Vries et al., 2002), though this assumption is easily relaxed.

3.2 | Proportion of deleterious mutations negatively
correlates with TSG inactivation

Not surprisingly, we found that the proportion of deleterious muta-
tions and the incidence of TSG inactivation were negatively corre-
lated (Figure 2). Cell divisions per time remained roughly constant
across all proportions of mutations. However, as the proportion of
deleterious mutations decreased, the cost of being a mutator also
decreased, because it accumulated less mutational burden of deteri-
ous mutations. This resulted in an increased emergence of crypts
with fixed mutator stem cell populations. Conversely, across all ex-
periments, we observed progressively less TSG inactivation as the
proportion of deleterious mutations approached our maximum of
95%.

3.3 | Increased stem cell turnover initially
increased and then decreased TSG inactivation

We modulated stem cell turnover by varying cell loss and symmet-
ric division rates in unison. At lower turnover levels, we found that
increased cell turnover increased TSG inactivation. However, at
turnover levels 2x and 5x our baseline level, the incidence of TSG
inactivation declined (Figure 3) due to two factors. First, at higher

turnover levels, we observed a reduction in the average number of
stem cells per crypt (Figure S3). The implemented homeostatic con-
trol was unable to maintain the target stem cell population size in
the face of high turnover rates. Essentially, there is a lag between
depletion of the stem cell pool, due to cell death and differentia-
tion, and replenishment provided by an increase in stem cell divi-
sion rates. With higher levels of cell loss, the simulated crypts spend
more time, further below the target homeostatic number of stem
cells. As a result, there were fewer total stem cells in the simula-
tion and therefore fewer mutations per time, allowing less chance
for mutator acquisition and TSG inactivation. This may or may not be
realistic. Second, as the turnover level increased above our baseline,
the number of mutator crypts present in the tissue at any given time
decreased (Figure 4). Since increased turnover should lead to in-
creased opportunities for mutator mutations to arise, the decline in
mutator crypts was a surprise. However, the loss of mutator crypts is
due to intercrypt competition, as described below. Increased turno-
ver led to increased stochastic fluctuations in stem cell numbers and
thereby increased crypt extinction events. The reduction in stem cell
numbers and mutator crypts combined to produce a reduction in
the overall incidence of TSG inactivation as turnover rates increased
above baseline. If, in reality, homeostatic control of stem cell num-
bers prevents increased crypt extinctions with increased stem cell
turnover, this result would likely not hold. However, all things being
equal, increased cell turnover would be expected to increase stem
cell number fluctuations.

3.4 | The number of stem cells per crypt had a
varying effect on TSG inactivation

In general, fewer stem cells per crypt reduced the rate of TSG in-
activation, even though the total number of stem cells in the tissue
was held constant (Figure 1d). However, there is a trade-off between
TSG inactivation and tissue death at very low stem cells per crypt.
With only one stem cell per crypt, there is no opportunity for ho-
meostatic signals within a crypt to compensate for stem cell loss. In

Fixed mutator crypts by cells per crypt and proportion of

deleterious mutations

1.2 40
% 45
= 1
S T %0
[e]
g 08 55
2 T . l 60
3 0.6 + L 65
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g 0.4 4 - T — e - T 75 proportion of crypts at the end of the run
-1% - L [} T | 7 that contained a population of stem cells
g_ 0.2 + = "'.,_ " -.-’ =80 with the mutator mutation fixed. Each bar
o 0 — o . I_ h T_‘_ _ ug5 corresponds to a specific proportion of
h T T T ST ' m90 deleterious mutations. The proportion of
2 5 10 20 30 90 180 u95 mutator crypts correlates with the risk of

Stem cells per crypt

tumor initiation as seen in Figure 1
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FIGURE 3 The effect of changes in stem cell turnover. Plots of cumulative hazard functions using the Kaplan-Meier estimator where
each colored line represents the function for a specific proportion of deleterious mutations. The baseline division and stem cell loss rates
were 0.05 as seen in Figure 1. Initially, turnover correlated positively with the risk of tumor initiation. However, at higher turnover rates, the
risk of tumor initiation decreased due to a reduction in the overall number of living stem cells and decreased incidence of mutator crypts

our model, tissues with one stem cell per crypt were mostly unviable
and died out before TSG inactivation or the predetermined simula-
tion end time.

At 90 and 180 cells per crypt, we observed a reduction in the
incidence of TSG inactivation (Figure 1d) at all but the lowest pro-
portions of deleterious mutations, as was predicted by models of
the crypt stem cell niche of single crypts (Komarova, 2005; Michor
et al., 2003) (Figure S4). As in other experiments, along with a re-
duction in the incidence of TSG inactivation, the frequency of
fixed mutator crypts was reduced as well. This shows that selec-
tion against mutator cells increases as the number of stem cells
increases above some threshold, 10 in our model (as long as the ma-
jority of non-neutral mutations are deleterious) supporting the con-
clusions by Michor et al. and Komarova (Komarova, 2005; Michor

et al., 2003). When the stem cell populations are large, it is very

unlikely that a crypt will go extinct, and so, there is no intercrypt
competition. In this case, the metapopulation dynamics are reduced
to the single crypt dynamics.

The increased risk of TSG inactivation associated with increased
stem cells per crypt appeared to plateau after approximately 10 stem
cells per crypt. The total number of cells in the tissue remained con-
stant, as did the total stem cell divisions per time (Figure S5). The av-
erage number of mutations per time increased through 10 stem cells
per crypt, but then reached a temporary plateau (Figure 5). There
was no statistically significant difference between the average num-
ber of mutations per time in the 10, 20, and 30 stem cells per crypt
cases. As the number of stem cells per crypt increased beyond 30,
the average mutations per time decreased except when the propor-
tion of deleterious mutations was 50%. The incidence of mutator

crypts followed a similar trend (Figure 2).
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Fixed mutator crypts by turnover rate and proportion of

deleterious mutations
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We have chosen to explore the case where the total number
of stem cells is kept constant, assuming that a certain number of
self-renewing tissue stem cells might be required to maintain an ep-
ithelial tissue. An alternative view is that a fixed number of epithe-
lial units, like the crypts, might be required to maintain a tissue and
that the number of stem cells per crypt could vary by changing the
number of differentiated cells produced by each stem cell. In this
case, the risk of TSG inactivation continues to increase with increas-
ing number of stem cells per crypt (Figure S4). Because we held the
number of crypts constant but changed the number of cells per crypt
in this case, the total number of cells in this simulation also changed,
leading to a large evolving population size of stem cells, and thus an
increased chance for at least one cell to inactivate both alleles of
the TSG.

3.5 | Partitioning the tissue into crypts imposed a
metapopulation dynamic

Fitness levels measured by the difference between division and loss

rates were greater in tissues with smaller crypts even as the total

number of stem cells remained constant (Figure 6a). Counts of crypt
births and crypt life span measurements showed that there was
more crypt turnover in smaller crypts (Figures S6 and S7). This crypt
turnover provided an opportunity for fitter phenotypes to spread
more easily across the tissue. Crypt fitness peaked at 2 cells per
crypt where there was the most crypt turnover and bottomed out
at 20 and 30 cells per crypt. After 30 cells per crypt, we observed
no crypt death and therefore no turnover. Crypt fitness began to
increase again at 90 and 180 cells per crypt through natural selec-
tion of stem cells within larger crypts. However, fitness levels did not
increase to the levels seen at 2 cells per crypt.

The metapopulation dynamic was observed in the clonal expan-
sion of mutator crypts across the tissue. We considered two crypts
to have “mutator phenotype agreement” if they both have a fixed
mutator mutation or neither has a fixed mutator. We calculated mu-
tator crypt agreement across spatial distance and found that overall
agreement decreased as the cells per crypt increased (Figure 6b).
Further, at 2 and 5 cells per crypt, closer crypts had increased mu-
tator agreement suggesting clonal expansion of mutator crypts.
Conversely, at 10 cells per crypt and above, we found that spatial

distance correlated less well with mutator agreement indicating that
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when there was less crypt turnover, mutator crypts arose de novo

rather than through crypt-level clonal expansion.

4 | DISCUSSION

In the colon, the development of adenomatous polyps frequently in-
volves the inactivation of the APC gatekeeper gene, a member of the
Wht-signaling pathway, which represses proliferation and facilitates
orderly cell differentiation in the luminal part of the crypts (Barker
et al., 2009; Goss & Groden, 2000). As long as this gatekeeper gene
is active, mutant stem cell progeny with neoplastic potential is
likely eliminated from the crypt and clonal expansion thus averted.
However, when the gatekeeper gene is inactivated, the brakes on
mutant stem proliferation are removed and mutant cell progeny may
undergo focal clonal expansion. Therefore, we asked the question,
what are the factors that determine the risk of a TSG/gatekeeper
inactivation leading to tumor initiation in a compartmentalized tissue
(a metapopulation)?

Our microsimulations indicate that the base mutation rate
(Figure 1b) and the increase in that rate for a mutator clone (Figure 1c)
are the main driving forces behind TSG inactivation and thus the ini-
tiation of carcinogenesis. The proportion of deleterious mutations is

important for its effect on selection of the mutator clone. We find

Spatial Distance

that if most mutations are assumed to be deleterious, then a mutator
clone quickly accumulates a large genetic load of deleterious muta-
tions and tends to be driven to extinction in competition with non-
mutator cells. However, if mutations are more likely to be beneficial,
then a mutator clone can spread more easily, which leads to the early
inactivation of both alleles of the tumor suppressor gene (Figure 1a).
Similarly, increasing turnover of the stem cells effectively increases
the mutation rate and consequently the rate of initiation. However,
when turnover is very high, the homeostatic feedback signals cannot
maintain the target number of stem cells and so the total stem cell
population of the epithelium decreases, which in turn decreases the
chances for initiation (Figure 3). Since the rate of TSG inactivation is
trivially related to the number of stem cells in the system (Figure S8),
we have kept the total number of stem cells constant across all our
experimental conditions (except for the experiment in Figure S8).
Perhaps the most interesting insight this modeling provides is
the importance of the metapopulation dynamics for tumor initiation.
When the number of stem cells in a crypt is large enough (e.g., >10
stem cells per crypt), so that there is little crypt turnover, our re-
sults match the earlier theoretical findings (Cannataro et al., 2016,
2017; Komarova, 2005; Michor et al., 2003). Mutator clones more
readily drift to fixation when there are fewer stem cells and high
fitness clones tend to dominate crypts with a large number of stem

cells (Figures 4 and 6). Previous work, with a more sophisticated



BIRTWELL ET AL.

1780
7 Lwiey- e —

Summary of Results

Stem cell divisions

(within crypts)

(turnover)
Number of Metapopulation Mutator Mutation
stem cells clonal _l phenotype —)
per crypt competition establishment rate
(between crypts) T

Proportion of
deleterious mutations

representation of both quiescent and proliferative stem cells,
transient amplifying cells, and a distribution of fitness effects of
mutations found a balance between suppressing carcinogenesis
with fewer stem cells and suppressing the fixation of deleterious
alleles and tissue aging with more stem cells per crypt (Cannataro
et al., 2016, 2017). However, the story changes dramatically when
there are few enough stem cells per crypt that crypts risk extinc-
tion and replacement by neighbor crypts. In this case, crypts with
fixed mutator clones tend to accumulate more deleterious mutations
than nonmutator crypts (Figure 6). Those deleterious mutations tend
to lead to more crypt extinctions, and so, the mutator crypts tend
to be out-competed by nonmutator crypts. Since TSG inactivation
rarely emerges in a nonmutator crypt, this intercrypt competition
actually reduces the chance of initiation. Yet, there is a further
countervailing force that prevents the evolution of minimal stem
cell populations per crypt. When the stem cell population is so low
that crypts die very frequently, crypt bifurcation may not be able to
replenish the epithelium quickly enough and the entire epithelium
is at risk of extinction. Thus, we predict that there are two optima
of stem cell population sizes for crypts as a result of selection to
suppress cancer at the level of organisms: small stem cell population
sizes that allow intercrypt competition to suppress mutator clones
and crypts with very large stem cell sizes that can suppress mutator
clones within each crypt due to intracrypt competition. Note that
these predictions do not hold if the majority of non-neutral muta-
tions are beneficial to a clone (see the 50% deleterious mutations
in Figures 2 and 5). Recent evidence suggests that this may actually
be the case (Martincorena et al., 2017). In that case, a mutator clone
would increase in fitness over time, in which case selection at the or-
ganismal level should produce crypts with enough stem cells to pre-
vent intercrypt competition, but few enough that genetic drift can
limit the spread of selectively advantageous (and mutator) clones.
The exact size of crypts optimized for suppressing cancer depends
on the details of within- and between-crypt homeostasis, which are
unknown. Furthermore, we have assumed that the mutation rate in
transient amplifying cells is the same as the mutation rate in stem
cells. Previous models have shown that differences in those rates
affect the optimal number of stem cells per crypt (Frank et al., 2003;
Komarova, 2005) and that cancer may arise from the transient am-
plifying cell compartment, if it is initiated by mutations that allow
those cells to avoid further differentiation (Haeno, Levine, Gilliland,
& Michor, 2009; Jilkine & Gutenkunst, 2014). All of the interactions

FIGURE 7 A summary of the results
showing the positive and negative effects
of the different factors affecting time until
both alleles of the tumor suppressor were
inactivated

Inactivation

) of a tumor
suppressor

gene

between the different factors governing time until TSG inactivation
are summarized in Figure 7.

Our models predict that inactivation of a tumor suppressor gene
early in cancer progression tends to occur in cells that are geneti-
cally or epigenetically unstable. Unstable clones, however, appear
to have difficulty expanding in competition with stable clones, as
long as more than 50% of non-neutral (epi)genetic alterations are
deleterious for the clone. Our model also predicts that the selec-

In

tive pressure of cancer has either led to the “architectural” evolu-
tion of epithelial proliferative units with large numbers of stem cells
and virtually no metapopulation dynamics (Clayton et al., 2007), or
small numbers of stem cells within each proliferative unit, with fre-
quent expansions of clones with fitness advantages, as is seen in p53
mutant clones the skin (Chao et al., 2008; Zhang et al., 2005). We
predict that proliferative units with moderate-sized stem cell popu-
lations (e.g., 10-20 stem cells per crypt) would have been particularly
cancer prone and so selected against in the history of multicellular
organisms with self-renewing proliferative tissues.

This work highlights the importance of crypt (tissue-level) dy-
namics. Unfortunately, little is known about the life cycle of crypts
(Totafurno et al., 1987) and other epithelial subpopulation structures
(Chao et al., 2008; Zhang et al., 2005) that constrain the dynamics
of clonal expansions and mutator clones in epithelia. Since the vast
majority of cancers arise in epithelia, these dynamics are likely to
constrain the evolution of most cancers.

We have assumed that there is some form of homeostatic mech-
anism for maintaining a relatively constant number of stem cells per
crypt. Crypts that are challenged by acute cytotoxic insults such as
ionizing radiation (Roberts, Hendry, & Potten, 1995) are known to
regenerate from surviving stem cells or clonogenic cells suggesting
the presence of homeostatic feedback mechanisms in the crypt.
However, in most organs, the mechanism and even presence of a ho-
meostatic mechanism for maintaining stem cell numbers is unknown.
This has important implications for carcinogenesis. In the absence of
homeostasis, there should be increased metapopulation dynamics
and selection between epithelial proliferative units like crypts. In
contrast, with very effective homeostatic mechanisms, an epithelial
proliferative unit would be unlikely to go to extinction, except in the
presence of external insults, and so, the beginnings of carcinogen-
esis in the intestine would reduce to wound healing dynamics and
mutational events solely controlled by intracrypt dynamics. In addi-

tion, there has likely been a variety of selective pressures that have
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shaped crypt biology, including not just tissue maintenance, but also
efficiency of nutrient and liquid absorption, regulation of the intesti-
nal microbiome, etc. In the absence of knowledge about homeostasis
in crypts, and other, noncancer, selective pressures on crypt dynam-
ics, the results of our model are qualitative, not quantitative.

Another important caveat to our results is the limitation of the
size of the simulation. We have represented a small portion of the
surface of the colon—just a 5x5 grid of crypts in most cases. To
compensate for the small number of cells simulated, we have used
unrealistically high mutation rates, though this still might not be
sufficient to capture realistic stochastic dynamics (Loeb et al. 2019).
This is a further reason to interpret our results qualitatively, but not
to extract quantitative predictions of the optimal number of stem
cellsin a crypt.

For simplicity, we have modeled the mutator phenotype as a re-
sult of a single hit, which, if taken literally, can be thought to repre-
sent either a dominant-negative mutation, an increase in expression
driven by a single allele, or a haploinsufficient locus. It can also be
thought of as the low probability of the second hit in a recessive
locus. It would not be difficult to elaborate the model to represent
an initial neutral mutation in a mutator locus followed by a second hit
that causes the mutator phenotype. The qualitative results should
be the same.

Previous theoretical work suggested that deleterious somatic
mutations are unlikely to affect the dynamics of carcinogenesis
(Beckman & Loeb, 2005; Beckman, 2009). However, in this study
we show that the proportion of mutations that are deleterious can
have a dramatic effect on the spread of a mutator clone (Figure 2),
which in turn dramatically accelerates the process of neoplastic pro-
gression (Figure 1). Although our results are not inconsistent with
previous findings—a reduction in the ratio of mutator pathways ver-
sus nonmutator pathways in the presence of deleterious mutations—
there are important differences worth pointing out. For example,
the study by Beckman (Beckman, 2009) considered the effect of
a mutator phenotype on independent (normal) cell lineages, rather
than in the context of a dynamic metapopulation controlled by tis-
sue architecture and homeostatic conditions. Here, we consider the
evolutionary dynamics in a crypt-structured normal tissue involved
in the initiation of precursor lesions such as colorectal polyps rather
than cancer which requires additional transformational mutations.
Thus, the metapopulation dynamics in a field of normal tissue stud-
ied here may well represent a plausible mechanism for intestinal field
cancerization the importance of which is still unclear (Williams et al.
2018).

Conflicting levels of selection on organisms and potentially on
neoplastic cells can lead to unusual results. In organismal evolution,
most non-neutral mutations are thought to be deleterious because
species have been selected in their environments for a long period
of time and most beneficial mutations have already spread through
the population. This dynamic has been replicated in vitro (Elena &
Lenski, 2003). However, the basis for this observation in organis-
mal evolution does not hold for somatic evolution. A large propor-

tion of the genome of a multicellular organism may be devoted to

T, || £y

coordinating the functions and cooperation of somatic cells, through
differentiation, cell cycle control, and apoptosis (Aktipis et al., 2015;
Rajagopalan et al., 2003). In fact, a recent study of mutations across
cancers found evidence for positive selection of mutations that in-
crease cell level fitness in an order of magnitude more genes (2.2%)
than genes with evidence for negative selection of deleterious muta-
tions (0.14%) (Martincorena et al., 2017), though it remains possible
that negative selection may be suppressed by deleterious mutations
hitchhiking on clonal expansions driven by beneficial mutations and
by fixation of weakly deleterious genes in small stem cell compart-
ments due to genetic drift, as we have shown in our model.

Our microsimulations indicate that smaller crypt compartments
(with < 10 stem cells) are more efficient in delaying tumor initiation
because they are more efficient at purging crypts with deleteri-
ous mutations and therefore are more efficient at purging mutator
crypts that tend to accumulate deleterious mutations (assuming the
majority of non-neutral mutations are deleterious). This metapopu-
lation dynamic is revealed by crossing scales from stem cell dynam-
ics to crypt-level dynamics. Our model highlights the importance of
answering three key biological questions in order to understand the
dynamics of neoplastic progression in epithelial tissues: 1) What pro-
portion of non-neutral mutations are deleterious for a premalignant
clone? 2) What are the homeostatic feedback mechanisms (if any)
that regulate the number of stem cells in a proliferative unit like an
intestinal crypt? and 3) What are the turnover (and homeostasis) dy-
namics of epithelial proliferative units? Answering these questions
and developing interventions that modulate those dynamics might
allow us to control tumor initiation and progression more effectively.
This is particularly important for individuals that carry genetic alleles
that confer a higher risk of cancer, by abrogating the tissue defense

mechanisms against clonal expansions.
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