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2017

It is well recognized that cancer results from multi-stage mutation acquisitions. To this
end, both intrinsic and extrinsic factors contribute to mutagenesis in cancer and
subsequently the risk of cancer. To better understand the process of cancer initiation and
the contributions of various risk factors, we build stochastic models for carcinogenesis
based on modern cancer stem cell theory with clonal expansion. In our extended risk
model, we have incorporated all three types of cell lineages including stem cells,
progenitor cells and terminal cells. We have also included major ingredients for cancer
development, including general cell behaviors, tissue homeostasis, multi-stage mutation
acquisition, as well as how driver mutations may alter cell behaviors through cell fitness
or clonal expansion.

Our model provides a general framework for estimating cancer risk and cancer mutation
distributions at any age in a lifetime. With these models, we can simulate and analyze the
effect of different factors on the speed, magnitude and risk of cancer onset. In particular,
for each cancer, based on observed cancer risk data, we can quantify (1) the amount of
lifetime risk due to the intrinsic mutations alone, that is, the intrinsic risk, or as the media
calls, the ‘bad luck’, and (2) the percent of mutations due to intrinsic risk alone. Applying
our modeling in conjunction with the US and the World cancer registry data, we found
that non-intrinsic risk accounts for not only the major percentage of lifetime cancer risk,
but also the major proportion of lifetime cancer mutations.
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Chapter 1 Introduction

The risk of cancer is the probability that a tissue will develop cancer over a certain period
in life, often the lifetime period. Much effort has been devoted to dissecting the factors
behind cancer risk [31, 35]; however, conclusions regarding cancer risk factors may vary
drastically from study to study [31, 34, 35]. Therefore, it is critical to model the inherent
mechanics of cancer development for a more comprehensive and reliable analysis [34].

It is commonly accepted that cancer results from a series of somatic mutations [8]
accumulated during cell divisions. Among different mutations, some can significantly
influence the key features of a cell such as division pattern, fitness level, death rate and
mutation rate [11, 14]. These mutations are known as driver mutations [5] and some of
which can be the major causes for cancer. Once a tissue cell acquires sufficient number
and types of driver mutations, it becomes a cancer cell.

Some mathematical models have been developed to describe the process of cancer
initiation and progression. These models usually incorporate cell division dynamics
among different types of cells along with mutation acquisition. Assumptions and types of
models vary in literature. The complexity of each model depends mainly on the
assumptions of the types of cells considered, the cell division structure and dynamics, and
the effects of mutations.

Some assume that the cancer risk comes mainly from stem cells and therefore rule out
other cells such as progenitor and terminal cells. Wu et al. [34] have developed the first
discrete time probability propagation model to estimate the lifetime cancer risk due to the

intrinsic mutations of cancer driver genes associated with cell divisions. Bozic et al. [5]



proposed a discrete time branching process model that considers the effect of mutations
on cell fitness and provided the closed formula for the waiting time of mutation
acquisition. They also assumed a single type of cells, that either divides symmetrically or
dies. Frank et al. [8] incorporated progenitor cells and derived a simulation model for
cancer risk. They also discussed the influence of different cell division structures on
computed risk. However, they restricted each stem cell to have only asymmetric division
that yields one daughter stem cell and one progenitor cell, which is unrealistic in real
tissues.

As for continuous time models, Ashkenazi et al. [1] and, Gentry and Jackson [11]
developed a dynamic system using differential equations that considered stem, progenitor
and terminal cells. They allow the most general forms of cell division and impose the
effect of different mutation pathways on system parameters. In addition, their model can
simulate both the cell growth and the homeostasis state, and thus better capture the
overall characteristics of tissue dynamics. However, their model basically focused on the
quantities of cell numbers with each mutation acquisition state, instead of computing
lifetime cancer risk.

Figure 1 below is an illustration of stem, progenitor and terminal cells and their

relationships [23].
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Figure 1 [23]: An illustration of stem cells, progenitor cells and terminal cells. The proposed locations
of stem cells (purple), progenitor cells (green) and super-basal, terminally differentiating cells (pink)
are shown in human interfollicular epidermis. Arrows represent the relationship between each cell
compartment and the movement of cells to the surface of the skin as they undergo terminal
differentiation.

There are other efforts that push the model complexity and flexibility into the next level
by including spatial patterns and fluid dynamics into cell dynamics. For example,
Hannezo et al. [12] considered the spatial variation of concentrations of each cell type in
addition to non-spatial homeostasis regulation. Their focus is on pure cell dynamics
without mutation acquisition. Waclaw et al. [33] built a 3D spatial tumor evolution model.
Their model provided various aspects of tumor initiation and growth, as well as an
analysis on the migratory activities. However, they focused more on the tumor
progression than the initiation mechanics and cancer risk computation.

In our work, we built comprehensive discrete-time stochastic models for cell dynamics,
mutation accumulation and cancer risk. We will start with the original stem cell model,
which is identical to the Markov model by Wu et al. [34]; then we extend this model into
our intermediate risk model, by considering not only stem cells, but also progenitor cell
lineages and terminal cells. The intermediate risk model also contains algorithms for
building homeostasis conditions with stem-progenitor-terminal cell division structures.
Eventually, we developed a more realistic extended risk model by incorporating

mechanisms of tumour heterogeneity. This extended model integrates conditional



dependency relations within cell division structures. It differentiates driver mutations in
the mutation acquisition procedure, instead of simply using the number of acquired
mutations as in previous models. This allows us to model different effects incurred by
different types of mutations. In addition, we built algorithms for time dependent cell
dynamics, homeostasis, clonal expansion as well as regulations. Our extended risk model
allows us to obtain cell numbers of different cell types, mutation acquisition states, as
well as estimated cancer risk at any time within a normal lifespan of 80 years.

During our work, we also developed a discrete simulation package that is able to model
the activities of each type of cells. This simulation framework, based on the core
algorithms in our theoretical models, features equal model complexity but superior
computational efficiency in comparison to continuous time simulations [5]. Given that
the mutation acquisition is an extremely rare event (mutation rate is normally around
1078), we usually need more than 101° simulation runs to have a nonzero cancer risk
estimate. Plus, the conjuncture epidemiological cancer population data usually come in
the form of discrete age distribution in 1- or 5-year intervals. Thus it is both more
efficient and more realistic to adopt the discrete-time models like our extended stochastic
model.

In this work, we studied how mechanisms of tumor heterogeneity could impact the
theoretical cancer risk. In addition, we compared for several applicable tissues the
observed age dependent risk from SEER database with our theoretical risk for each age in
years. Moreover, we use the ratio of the number of mutations acquired as a metric to

estimate the percentage of contributions for cancer onset, from the intrinsic risk factors.



These analyses from different angles converge to a unanimous conclusion that non-
intrinsic factors are the major causes for cancer onset.

The rest of this thesis is organized as follows. In Chapter 2 we introduce modern
biological theories for cell dynamics, mutation acquisition and cancer onset. We review
major mathematical carcinogenesis models in literature, including our original stem cell
model. In Chapter 3 we describe our intermediate cancer risk model that could bridge the
original model and the more complicated extended model. We devote Chapter 4 to the
development of the extended cancer risk model. In Chapter 5, we provide our analysis
results and demonstrate our conclusions regarding intrinsic risk and mutation

contributions, age dependent risk, and the impact of mutation effects.



Chapter 2 Cell Dynamics and Mutation Acquisition

2.1 Cell and Cell Divisions

Human tissues and organs are composed of a heterogeneous mix of cells [11]. Stem cells
refer to those cells that can self-renew and generate other types of cells of the organ. A
stem cell division follows three basic division patterns: symmetrical self-renewal to form
two daughter stem cells, asymmetrical self-renewal to generate one stem cell and one
progenitor cell, or symmetrical differentiation to yield two progenitor cells
[1,11,17,19,27].

A progenitor cell usually divides a limited number of times and eventually produces
terminal cells which never divide and will eventually die [1, 8]. Figure 2 is an illustration

of the most general division patterns of stem and progenitor cells in the literature.
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Figure 2 [38]: Illustration of stem cells, progenitor cells and terminal cells with their general division
patterns: 1 — symmetric stem cell division, 2 — asymmetric stem cell division, 3 — progenitor division,
and 4 — terminal differentiation.

Now, to model cell dynamics and its division behavior, the following parameters may be

considered:

> rdizy P€%is the death rate (average number of deaths per cell per day) of cell type
<type>, which can be one of SC (Stem Cell), PC (Progenitor Cell) or TC (Terminal

Cell).



> rd<if,y P€> is the division rate (average number of divisions per cell per day). We must

<type>

<type>
have 7,;;, +r

Hip < 1 because at any moment each cell must has one of these

three behaviors: death, division, or staying still.

<type> _ <type>

Upon each division, we have the probabilities of each division pattern: pgym™ ~, Pasym

<type> . cqegs . e . e
and pdi;}p representing probabilities of symmetric division, asymmetric division and

<type>

symmetric differentiation, respectively, given that a division occurs. Here pgy;," ~ +

<type> <type> _
Pasym =t Daigr = 1.

2.2 Mutation Acquisition

The main stream theory is that cancer stems from a sequential accumulation of somatic
mutations within tissue cells [1, 8]. A somatic mutation is genetic alteration acquired by a
cell that can be passed to the progeny of the mutated cell in the course of cell division
[37]. During each cell division, each daughter cell will inherit the mutation that was
already obtained, if any, by its parent cell, and also has a probability to gain extra
mutation(s). The probability that a daughter cell will obtain one extra mutation during a
division is termed the mutation rate: u<tyPeP><tyreD> — Here < typeP > and <
typeD > are parent cell type and daughter cell type respectively for the given division.
Although tumor cells often exhibit many mutations, only a relatively small subset is
crucial for cancer development [1, 4, 15, 17, 19, 27]. Some literature classified mutations
into “driver mutations”, which have influences on a cell’s fitness, and “passenger
mutations”, which do not affect a cell’s growth behavior [5, 13, 20, 25]. Driver mutations
dominate cancer initiation and progression. Quantitatively, acquired driver mutations can

alter a cell’s division rate, death rate, and the probability to acquire subsequent mutations.



For example, in [5] and [33], the authors assumed that each driver mutation reduces the
death rate (or stagnate rate in [5] by their assumptions) of a cell at a rate of ~(1 —s). A
cell with k driver mutations will have a death/stagnation probability of d = C(1 — s)¥
where s is the selective advantage provided by a driver mutation [5] and C is a constant
depending on the assumption context. On the other hand, some literature [1, 11] listed the
possible parameter changes due to mutations in advance and did not consider multiple
mutations of the same type. Once the effect of mutations is quantitatively formularized,
one can analyze more general mutation effects. For example, Ashkenazi et al. [1] and
Gentry and Jackson [11] compared the effect of different orders of mutation acquisition

sequences on the length of time until cancer initiation.

2.3 Cancer Risk

The lifetime risk of developing cancer refers to the chance a person has, over the course
of his or her lifetime (from birth to death), of being diagnosed with cancer [36]. For
simplicity, we can treat the cancer risk as the probability that at least one of the total cells
will be a cancer cell at the end of a given time period. A cell becomes a cancer cell if it
acquires a sufficient number and types of mutations [1, 8, 11, 34]. A progenitor cell
usually needs more mutations to cause cancer than a stem cell [8] and has a much shorter

lineage; hence some literature only considers stem cells in analyzing cancer risks [31,

34].

2.4 Cell Dynamics
To model cancer risk, a reasonable modeling of cell dynamics is required. Aside from
different cell division patterns, cell dynamics modeling should also include the

mechanism of how cells in a tissue get updated (turn over) and maintain homeostasis.
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Specifically, the cells in a tissue maintain a dynamic balance such that the number of
each type of cells remains approximately constant while old cells die and new cells being
generated. There are basically two approaches in modeling homeostasis in literature. One
is to specify a deterministic mechanism of cell division, growth and death. For example,
Frank et al. [8] provides a stem-progenitor cell division pattern such that the total number
of cells is fixed and their model has inspired our development of the homeostasis
condition. However, since their focuses were on the analysis of cancer risk and the
lengths of cell division lineages, they did not explicitly develop the cell number dynamics
over time. Wu et al. [34] gave a very clear mechanism such that once the number of cells
grows to the homeostasis stage, it will remain constant, and only stem cells were included
in their model. The other approach to model homeostasis is to regulate parameters such
as death rate and division rate in ODEs, so that the number of cells remains constant in

time and the steady-state solution matches the homeostasis condition [1, 11].

2.5 Representative models

We now describe some representative models from the literature, which could provide
valuable insight for our model development, current or future. First, we describe the stem
cell mutation acquisition model proposed by Wu et al. [34], based on which we will
develop and extend our own models. Second, the deterministic stem-progenitor cell
model of Frank et al. [8] will be described in detail since it inspired us on the modeling of
progenitor/progenitor cell dynamics. Then, we will give a brief introduction to the
discrete time stochastic model by Bozic et al. [4] and the continuous time (ODE) model
in [1, 11], which could serve as a reference on building more complicated simulation

framework in the future. Finally, a more comprehensive model published recently [33],



which incorporated spatial dynamics, and focuses more on cancer progression and

migration, will be briefly discussed also.

2.5.1 Original Stem Cell Model

The probability model proposed by Wu et al. [34] was built upon the assumption that
stem cell dominates cancer initiation because of its self-renewal property. Cell dynamics
in this model has two stages. On the first stage, symmetric division, the stem cell
population, originated from a single stem cell, grows exponentially in that each stem cell
will give birth to two daughter stem cells in each division. Once the cell number increases
to approximately the homeostasis number, the dynamics switch to the second stage,
asymmetric division, where each stem cell only generates one daughter stem cell in each
division, thus the stem cell population remains constant. Figure 3 below illustrates the
stem cell division and dynamics in [34] with n$ and n; denoting the numbers of

symmetric and asymmetric divisions of a stem cell, respectively.
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Figure 3 [34]: Stem cell division pattern and dynamics. Each original (Generation 0) stem cell first
goes through n$ symmetric divisions and then n$ asymmetric divisions.

The stem cell number, N(g) = 29 if g < nfand N(g) = 2" if g > nS.

For mutation acquisition, this model assumes binomial distribution in additional driver
mutations acquired by each daughter cell during each division. Specifically, suppose my
driver mutations are required for cancer onset, and the current cell state (the number of

mutations carried) is i, then the transition probability to its daughter cell state is p;; =

mg—1\ _; ; . .
< js_ i )u’"‘(l — W)™ o<icjemgy Where u is the mutation rate.

The cell state propagation along cell generations follows a Markov process with the

above transition rules. Figure 4 below shows a diagram for the cell state propagation

process in mutation acquisition.
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Figure 4 [34]: The propagation diagram of driver mutation states in one cell from one generation to

the next.

Given the initial state, for example, P[X, = 0] = 1and P[X; =0] =1 fori =1..mg,
where X; represents the number of mutations acquired on a cell at Generation i; one can
compute the cell state distribution at each generation. In addition, the mutation
acquisition process is built upon individual cells, and the model assumes conditional
independence according to the dependence diagram following Figure 3. Therefore, each
cell at the same generation will have the same cell state distribution. Eventually, the
cancer risk due to intrinsic driver gene mutations, referred to as the theoretical lifetime
intrinsic risk (tLIR) [34] will be
tLIR =1—[1—P[X,, = m4]]’

Here S is the total number of stem cells in the final generation. A key reason for this
simple formula is that each cell state (number of driver mutations carried) is not lower
than any of its ancestors, based on the probability transition rule. So, if none of the cells

at the final generation is a cancer cell, then none of the cells throughout the entire
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lifespan is cancerous. Cancer results if at least one cell acquired the sufficient number of
driver gene mutations, in the last generation.

Here we can see that P[X,, = m] plays a crucial rule in cancer risk computation. In fact,
we have developed a closed form formula so that B,(m) £ P[X,, = m] can be directly

computed from the initial state without going through transitions:

m
Pum) = ) [1= (1= )" Py(D)
i=0
Proof:
We prove a more general version P,(m) = Y7 [1 — (1 — w)!]™ ¢ P,_,(i) by induction.

For =1 , this holds because PB,(m)=3Y",u™ " P,_1(i)=Y",[1-(1-
W)™ P, (i) . Now assume for some [ <n , we have P,(m)=Y",[1-

(1 —w)! ™t P,_,(i), then consider (I + 1):

Pum) = ) 1= (1= 0" Py (D)
i=0

Z[l—(l—u) Z( D) a1 = 0P ()

j=0

Jj=0 i=j

Note that
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2[1 -1 -w!m <Tlfl_—jf) Wi (1 — -t

m—j

=Y (" )ia-a-wha - wme

t=0

= [(1— (1= W) —w) +ul™ = [1 = (L - W)

So
m
Pum) = ) (1= (1= )™ Py (0
i=0
Proof Done.

2.5.2 Stem-Progenitor Cell Model

Another representative model for cancer risk was proposed by Frank et al. [8]. They
included both stem and progenitor cells in cell dynamics and developed a recursive
formula for total cancer risk. Though they did not explicitly model the dynamic balance
in homeostasis, their model provides insight for our model development. In this model,
the single, initial stem cell divides to produce a stem cell lineage and a progenitor cell
lineage. Each progenitor lineage divides symmetrically n? times, yielding 2™ cells,
while the stem lineage has n§ asymmetric divisions, producing a total of N = n52"™" cells

[8]. See Figure 5 below for an illustration of the stem-progenitor cell division pattern in

[8].
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Figure 5 [8]: The pattern of cell division giving rise to a total of N cells. The single, initial stem cell
divides to produce a stem cell and a progenitor lineage. Each progenitor lineage divides n? times,
yielding 2™ cells. The stem lineage divides n$ times. The total number of cells produced are N =
ns2m",

We now describe cancer risk computation of this model. In their model, m¢ mutations to
the stem lineage or m,, mutations to the progenitor lineage cause cancer. They provided
cancer risk formulas for my = m,, = 2 and m; = m,, = 3 without detailed mathematical
build up.

Here we first give their formula for mg = m, = 2 with a brief derivation, and then
generalize their model to any m; = m,,.

The probability of m, = 2 mutations to a cell in a progenitor lineage with n? cell

divisions, if the initial (stem) cell has no mutations, is given as in [8]:

np

T,(nP) =~ Z 28 (ud + 2u, Ty (n? — i)

i=1
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Here u,, is the mutation rate of progenitor cells and T; (n” — i) is the probability that at
least one additional mutation will occur in the descendant progenitor lineage, given that
the current cell at the ith generation suffers one mutation. We also have

Ti(nP —i)=1— e ¢
where d = 2(2"" "t — 1) is the number of branches in the descendant cell lineage along
which mutations can occur.

The total risk of two mutations accumulating along the entire stem-progenitor lineage is:

ng
R,(ns, nP) ~ Z e=2us(=D 2y R, (nS — i + 1,n7) + (1 — 2uy)T,(n?)]
i=1

where u; is the progenitor cell mutation rate and
Ri(ng—i+1,nP)=1- e~ MG+ D ustup 27 F1-1))

is the risk that at least one additional mutation will occur in the descendant stem-
progenitor branches including the current (stem) cell, given that the current cell suffers
from one mutation already.

The formulas were basically built upon the underlying probability assumptions with
Binomial and Poisson distributions. For a single stem or progenitor cell, given there are
no mutations accumulated so far, the number of mutations acquired will follow a

binomial distribution.

The risk of k hits, provided m hits will cause cancer, is p;, = (TI?) uk(1 — u)™ ¥ where

. . : . m :
u is the mutation rate. An approximate version is p;, =~ ( k ) u® for small u. Specifically,

the risk of obtaining one mutation is p; ® mu and the probability that no mutation

occursispy = (1 —uw)™ =1 —mu.
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Also, for event A with small probability p < 1, the risk that A happens among N
independent instances will be 1 — (1 — p)V =~ Np.
In addition, if a progenitor cell already suffers from (m, — 1) mutations, the number of
extra  mutations acquired by its  descendant lineage  will  follow
approximately Poisson(u,). If a stem cell already has (m, — 1) mutations, the number
of extra mutations, in the descendant branches, including current cell and all descendant
stem cells, will follow Poisson(u,) and all descendant progenitor branches will follow
Poisson(u,) independently. Finally, the model also assumes Poisson distribution on
mutation numbers of stem cells if the initial stem cell state is 0 with mean p; =~ mgu.
Based on these assumptions, we now see that
T,(nP —i)=1— e "¢

and

R(nS—i+1,nP)=1— p—Us(ME—i+1) p—up(n§—i+1) (2" +1-1)

where it is obvious that d = Z?zpl_ 2l = 2(2”p_i - 1) is the corresponding descendant

2nPHL 1) is the corresponding descendant

progenitor cell number and (n§ — i + 1)(
stem-progenitor cell number. Also, the probability that at stem cell division step i a first
mutation in the stem lineage has not occurred is e ~2%s(~D_So far we have replicated the
derivation behind the formulas for my = m,, = 2.

Now for a general mg = m, = m, according to a reasonable extension based on the

above assumptions, we have

ng
R, (n5,nP) = Z e ™D [mu R, (nS — i +1,nP) + (1 — muy)T,,(nP)]
i=1
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and
npP m
. m .
T, (nP) =~ Z 2 upt + Z (k)u;,me_k(np -]
i=1 k=1

2.5.3 Discrete Time Stochastic Model

In this section, we will briefly describe the discrete time stochastic model proposed by
Bozic et al. [5]. They model tumor progression and mutation acquisition with a discrete
time branching process [3, 5]. Basically, at each time step a cell with j mutations (j-cell)
either divides into two cells with probability b; or dies with probability d; and b; + d; =
1. In addition, at every division, one of the daughter cells can acquire an additional
mutation with probability u and they ignore the probability that both daughter cells will
acquire extra mutations. Also, at most one extra mutation can be acquired upon each
division. Therefore, the offspring of a j-cell could be (1) none, with probability d; as the
cell dies; (2) two j-cells with probability b;j(1 — u); or (3) one j-cell and one (j + 1)-cell
with probability b;u.

On the population basis, let N;(t) be the number of j-cells at time step t, B; be the
number of j-cells that will give birth to two daughter j-cells, M; be the number of j-cells
that will give birth to one daughter j-cell and one daughter (j + 1)-cell, and D; be the

number of j-cells that will die. Here B;, M; and D; will follow a multinomial distribution:

N;(t)!

ny!n,!n,! [B;(1 =] ™ [d;]™ [bu]™

P[(B;, Dj, M;) = (1, na,ms)] =
and it is easy to see that N;(t +1) = N;(¢) + B; — D; + M;_,4

The model provides, explicitly, the effect of driver mutations on cell death rate: a cell

with k driver mutations has a death rate d, = %(1 — 5)* where s is the selective
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advantage provided by a driver mutation [5]. In addition to this simulation framework,
they also derived an approximate closed form formulas for the waiting times of 1 and k

additional driver mutations, which we shall not include in this thesis.

2.5.4 Continuous Time Model

There are basically two classes of continuous time model. One is a continuous time
branching process, proposed by Durrett and Moseley [7], which can be seen as an
extension of the discrete branching process model in [5]. Simulations of this model can
be very expensive as the time steps for updates can be smaller and smaller as cell
population grows larger [5]. Here we will briefly describe another category of continuous
time model based on ordinary differential equations [1, 11].

For cell dynamics, the model in [1] assumes all possible modes of stem cell divisions,
symmetric and asymmetric [6]. Figure 6 provides an illustration of stem cell division

modes and mutation acquisition process used in [1].
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Figure 6 [1]: (A) Mutations: Schematic view of the multistep process of mutation acquisition. (B)
Stem cell division modes: symmetric self-renewal division results in two daughter stem cells,
asymmetric self-renewal division results in one stem cell and one progenitor cell, and symmetric
differentiation division results in two progenitor cells.

At each division, a stem cell can give birth to two daughter stem cells (symmetric
renewal), one stem cell and one progenitor cell (asymmetric renewal), or two progenitor
cells (symmetric differentiation). A progenitor cell will symmetrically divide into
daughter progenitor cells until it becomes fully terminal (mature) cells and lose the ability
to proliferate.

As for mutation acquisition, at each division, daughter cells have a probability to acquire
one additional mutation. Any cell with 3 mutations will be a cancer cell. Their model also
incorporates the mutation effect on cell behavior by varying model parameters. For
example, they study three types of driver mutations, R-mutation, which could result in an
increase of the cell replication rate or a shift in the balance of stem cell division modes;

D-mutation, which could decrease the cell death rate; and G-mutation, which could
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increase the cellular mutation rate [1, 14]. In addition, they also study impact of the order
of the onset of three types of mutations on the speed of cancer initiation and progression.
The development of ODEs follows from these very natural relations:

(1) Rate of change in stem cell number of a certain mutation state = Increase due to
symmetric renewal or mutation — decrease due to symmetric differentiation, death, or
mutation.

Since the division pattern of progenitor cells depends on generation, the progenitor cell
state has both mutation state and generation number. For Oth generation progenitor cells,
which are generated directly from stem cells:

(2) Rate of change in Oth generation progenitor cell number of a certain mutation state =
Increase due to stem cell asymmetric renewal or differentiation, or mutation — Decrease
due to division, death or mutation

Let nP be the last generation of progenitor cells and (nP + 1) be the generation of mature
cells, then for progenitor cells of generation 1 < n < nP:

(3) Rate of change in nth generation progenitor cell number of a certain mutation state =
Increase due to division or mutation of (n — 1) generation progenitor cells — Decrease
due to divisions, death, or mutation

Finally, we have:

(4) Rate of change in mature cell number of a certain mutation state = Increase due to
division or mutation of n? generation progenitor cells — Decrease due to death.

For appropriate rates of proliferation and death, the equations built upon (1) - (4) lead to

homeostatic dynamics, that is, a steady state of a healthy tissue [1]. Due to space limit,

21



we will not copy detailed equations in this thesisas all ODEs were clearly presented in the
supplemental material of [1].

The ODE model in [11] is very similar to the model in [1] except that the former
considers regulation to stem cell division rate by chemical signaling and environmental
(niche) constraints by a fixed functional term [11, 18, 21, 22, 26]. On the other hand, the
model in [11] is simplified in that it did not include the intermediate progenitor cells;

instead, fully terminal mature cells are directly generated from stem cells [11].

2.5.5 Spatial Dynamics Model

On a higher model complexity, spatial correlation and interaction among cells could be
considered. Waclaw et al. [33] proposed a model for tumor evolution to address the
concern on how genetic alterations expand within the spatially constrained three-
dimensional architecture and come to dominate a large, pre-existing lesion [33].

Their model combines spatial growth and accumulation of multiple mutations. Note that
their focus is not on cancer initiation, but cancer progression and migration.

The cell dynamics here follows a 3-D spatial model; in which each tumor cell occupy a
site of a regular 3D square lattice while empty sites represent normal cells or extracellular
matrix. Cell replication occurs stochastically, with rate proportional to the number of
empty sites surrounding the replicating cell, and death occurs with constant rate [33].
Once a tumor cell successfully replicates, with some probability the cell will migrate and
create a new micro-lesion. Detailed spatial dynamics can be found in Extended Data

Figure 1 in [33].
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As for mutation acquisition, when a cell replicates, each of the daughter cells receives i
new mutations of each type, either driver or resistant, where i follows a Poisson

distribution:

Yx .
oy
(i) = (i};x/ )

Here x denotes the type of mutation and y, is the average number of genetic alterations
of type x in a single replication event. Like the model in [4], driver mutations can
increase the net growth rate either by increasing the birth rate or decreasing the death rate
by a constant factor of (1 + s). They provided a simulation of 3D tumor progression and

studied multiple indicators of tumor growth and migration with various groups of

parameters.
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Chapter 3 Intermediate Risk Model

We now extend our original stem cell model [34] to incorporate progenitor and terminal
cells while keeping the overall stem cell division stages (symmetric division and
asymmetric division). During asymmetric stem cell division, one stem cell divides into
not only a daughter stem cell, but also an initial progenitor cell, which will grow a limited
generations of progenitor lineage.

We provide a recursive/iterative computation for cancer risk. In addition, we also develop

homeostatic conditions for the stem-progenitor lineage structures.

3.1 Cell Dynamics and Homeostatic Condition

We explicitly model cell dynamics that fits into homeostatic conditions and incorporates
stem cells, progenitor cells, and terminal cells. We prove that in the long run, this model
automatically guarantees constant number of normal cells of different types without
further conditions on the model parameters.

The initial cell will be one single stem cell with no mutation. The cell dynamics has two
stages. In stage one, each stem cell will go through symmetric divisions only and give
birth to two daughter stem cells each time until the stem cell number reaches the
homeostatic number. During the second stage, each stem cell will go through asymmetric
divisions only, and generate one daughter stem cell and one progenitor cell through each
division. Each progenitor cell, upon each division, will give birth to two daughter
progenitor cells and finally evolve to terminal cells after a limited number of divisions. A
terminal cell cannot divide and dies after several time steps.

Let ny denote the number of stem cell symmetric divisions, n) denote the number of

stem cell asymmetric divisions, and nP the number of progenitor cell divisions. The nPth
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generation progenitor cell will further divide into terminal cells. See Figure 7 below for

an illustration of cell division patterns.

Stem Cell Progenitor Cell
Generation Generation

1 {(’\’\6
2 0

nd+ 1 <.
. Progenitor Cells

s s s ‘ Terminal Cells
n" =mn, +n,

—> Death

‘ Stem Cells

Figure 7: Cell division patterns and dynamics in our intermediate cancer risk model. Initial
(Generation 0) stem cell will go through n{ symmetric divisions and nj asymmetric divisions. At each
stem cell symmetric division, two daughter stem cells are generated. At each stem cell asymmetric
division, one stem cell and one progenitor cell are generated. Each progenitor cell generated from
stem cell will go through n? symmetric divisions. Each progenitor cell division will give birth to two
daughter progenitor cells. Each nP th generation progenitor cell will further divide into two
progenitor cells that will eventually evolve to terminal cells and die.

Though this is a discrete time model, not all divisions happen simultaneously. Let 75, 7,
and 7, be the division rates of stem and progenitor cells, and the death rate of terminal
cells respectively. Let At; = 1/7;, At,, = 1/r, be the time from the generation to the

division completion of stem and progenitor cells, and At; = 1/r; be the time from the
birth to the death of a terminal cell. We now derive formulas for cell numbers.

Obviously, the stem cell number at time ¢, starting from the “birth” of the initial cell, is
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Ny(t) = 2t/ AtsJH{Ost<n§Ats} + 2" s at st<(ns+nd)ats)
For the progenitor cell, first consider just one lineage. Let T be the time elapsed from the

birth of the initial progenitor cell, the progenitor cell number in the lineage is

ny(7) = 2l AthH{OST<(np+1)Atp}
Since there are no progenitor cell when t < niAt,, Let t, =t — niAt; be the time
elapsed from the birth of ny generation stem cell. Now considering kdts < t, <
(k + 1)Atg, fork = 1..n5 — 1, we need to count the number of progenitor cells from all
progenitor lineages initiated at time points t, = At,, 24t ... kAt,. So as kdt; < t, <
(k + 1)At,, we have N, (t,) = K n,(t, — i4ts). Summing over all possible ranges of

t,, the progenitor cell number at t, for a single asymmetric stem cell lineage is

ng—-1 g ng
Np (ta) = z z ny (ta - iAts)H{kAtssta<(k+1)At5} + z ny (ta - iAts)H{taznflAts}
k=1 i=1 i=1

For terminal cells, the argument is very similar. With the same definition of t,and t the
number of terminal cells within one progenitor lineage is
p
nt(T) = 2 +1)]]{(np+1)AtpS‘r<(np+1)Atp+Att}'

and the total terminal cell number is

ng—-1 g ng
Nt(ta) = z z nt(ta - iAts)H{kAtssta<(k+1)AtS} + z nt(ta - iAts)H{taznflAts}
k=1 i=1 i=1

We now show that for sufficiently large t, = kAt,, N, and N; become constants at each

discrete time points kAt and do not depend on k. Suppose that nj, is reasonably large

such that (n§ — 2)A4t; = (n? + 1)At,, and consider any particular k and time point t, =

kAt,. Then we have
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N, (k4t,) = Z 2Ce=Dats/aty] H{Os(k—i)Ats<(np+1)Atp}

i=1
Case 1: for small k such that (k — 1)At; < (n? + 1)At,, Ny (kAt) is strictly increasing

with respect to k because

k-1

N. (kAts) — Z Zl(k DAts/Aty| > Z Zl(k 1-i)Atg/Atp| — N. ((k _ 1)Ats)

This means that at the early stages of asymmetric stem cell division, progenitor cells will
keep growing in size.

Case 2: for any k such that (k — 1)4t; = (n? + 1)At,, there must be some 1 <[ <k
such that 0 < (k — k)4t < -+ < (k — DAty < (nP + DAL, < (k — (1 — 1))Ats. Now

W.L.O.G, k — | = |(n? + 1)At,/At,|. In this case N, (kAts) = ¥k, 2lUe=dats/atp| Byt

since
k+1 k+1
N, ((k + 1)At;) = Z olk+1-Dats/aty| — Z ol Ge—(i—1)ats/aty |
i=l+1 i=l+1
k+1 k
_ Z ol(k=(i-1))atg/ Aty :ZZl(k_i)Ats/Ath = N, (kAt,)
i=l+1 =l

Now N, (kAt,) becomes a constant that is independent of k. This marks the homeostatic
stage for progenitor cells where old cells become terminal cells and then die while new
cells are generated from parent stem or progenitor cells as time goes by. Since (k —
i) [Ats/Ath < l(k — i)Ats/Ath < (k-1 [Ats/Atp], we can develop an upper bound
and a lower bound of the constant by summing over the geometric series:

[Ats](l(np‘l‘l)mfp

Aty -1

N¥(kAt) =

z[jTtp ~1
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At | L(nP+1)]At
T e
l —
N!(kAt,) = o
A |

For terminal cells, following similar argument, considering a particular time point kAt,:
Ne(kAty) = ¥k, 20P+D linp+1)at,<(k-1)ats<mP+1)at, +at,}, We have

Case 1:if (k — 1)At; < (n? + 1)A4t,, obviously N, (kAt) = 0

Case 2: if (n? + 1)4t, < (k — DAt, < (n? + 1)4At, + At, then there is some [ such
that (k —k)Aty < -+ (k— (1 +1)Ats < (0P + DAL, < (k — DAty < - <
(k — DAt < (0P + 1)At, + At,. Then N, (kdty) = i, 20"+D = 200"+ A long as
(n? + DA, < (k — 1)At; < (nP + 1)At, + At, still holds, N.(kAts) will be strictly
increasing w.r.t. k. This marks the growth stage for terminal cells.

Case 3: if (k —1)4t, = (n? + 1)At, + At,, then there exist [ and g such that (k —

KAty < - (k— (14 1)Ats < (P + 1)At, < (k — DAt < -+ < (k — q)4t <

(nP + DAt + At, < (k— (q — 1))Atg < -+ < (k — DAts . In this case N, (kAty)=
207 = (1= g + 12070 = S 2074 = N ((k + 1)At,)

Therefore, terminal cell reaches homeostatic condition where old cells die and new cells

keep being generated. We have also derived the upper bound and the lower bound for

homeostatic terminal cell numbers in:

At
NE(kAty) = ([A—tf] +1) 207+

N

At
Ni(kAty) = <Ll—ttJ - 1) 2(P+1)

N
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3.2 Mutation Acquisition Probability Propagation

We still assume that cell state propagation within a lineage of the same type of cells

m-—i

§ v

follows a Markov process with transition probability p;; =<

w)™ I yo<i<j<m}, Where m is the number of mutation hits required for cancer onset, and u

is the mutation rate [34].

The transition matrix has the pattern (for m = 2):

0 pi1 D12
0 0  pa

Poo Po1 Po2

Thus cell state distribution for any generation can be computed given initial state.
Progenitor cells and terminal cells always require more mutation hits to become cancer
cells, because they must first acquire enough mutations to enable sufficient self-renewal
ability [8]. We can generalize the transition probability when a stem cell gives birth to a
progenitor cell, or a progenitor gives birth to a terminal cell.

Suppose that the required number of mutations for cancer onset for stem, progenitor and

terminal cell are mg < m, < m, then the transition probability from a stem cell to a

progenitor cell is:

m, —1\ . . »
pfjp = < jp—i )uf H1—u)™ JH{OSiSjSmp}H{OSismS}

For the case of my, = 2, my, =3, the transition matrix looks like:

Poo DPoi1 Poz Pos
M?=|0 P11 Pz P13
0 0 p22 P23

me—1\ _; ; . .
i )uf‘l(l —u)mf‘fH{Osisjsmt}]l{ogsmp} specifies the transition

Likewise, plpjt = < j—i

from a progenitor cell to a terminal cell.

29



3.3 Cancer Risk Computation

Let P[nc] denote the probability that none of the cells in the entire cell lineage will
become a cancer cell throughout their lifespan. Then the cancer risk is tLIR = 1 — P[nc].
To have no cancer, since the cell state can only go up from parent to child, it is sufficient
to guarantee that each of the stem cell asymmetric division lineage, along with all its
progenitor-terminal lineages, will not have any cancer cells. Denote this probability as
Pne- Then Plnc] = pﬁ’j, where N; is the number of such lineages, which is usually the

same as the final stage stem cell number, or 2m3 , based on the structure. For an

illustration of one such stem cell asymmetric division lineage, see Figure 8 below.

Stem Cell Stem Cell Progenitor Cell
Asymmetric Generation Generation ‘ Stem Cells
Generation

0 A L n? . Progenitor Cells
—
. ‘ Terminal Cells

* e — Death
O

......................

Figure 8: Illustration of one stem cell asymmetric division lineage. This lineage includes one
asymmetric division stem cell lineage along with all progenitor lineages that are originated from the
asymmetric lineage stem cells. The stem cell asymmetric generation is the relative generation of a
stem cell that has asymmetric divisions. The asymmetric generation O is total generation n$: the first
generation of stem cells that start asymmetric divisions.
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We now develop a recursive formula for p,. according to the dependency structure
indicated by the lineage. We let nc(P|j) = {nc(P)|X = j} be the event that no cancer
cell will occur in the progenitor-terminal lineage originated from a stem cell in state j.
See illustration in Figure 9 below for one progenitor-terminal lineage originated from one

stem cell:

Progenitor Cell
Generation

@) sStemCells 0
. Progenitor Cells

3

. Terminal Cells

AitenTmi::c Stem Gl
Y Generation

Generation ’ /. ’

g ng+g9g OO

°
N

— Death

Figure 9: Illustration of the progenitor-terminal lineage originated from one single stem cell of some
asymmetric generation 0 < g < nj.

Here we notice that nc(P|j) does not depend on stem cell generations. Now define
A(n, j) to be the event that stem cell at generation n (we now define stem cell generation

0 to be the first stem cell that has asymmetric division, i.e. global generation ng) will be
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in state j, i.e. X, = j, and no cancer cells occurred through progenitor-terminal lineages

originated from stem cells in generation 0,1 ... n. It is obvious that

mg—1

= > PlAGE))
=0

Forn = 0, we have
P[A(0, )] = P[X, = j nnc(P|j)] = P[X, = jIP[nc(P|)]

and for n = 1, by summing over all possible paths, we have

]
PIA(LPI = ) PlXy =jn X, =1]Plnc(PID]P[nc(P|j)]
=0

J
= PInc(PI)] ) piPIXy = PInc(PID)]
=0

= Plnc(Pl))] zpl (40, D]

where pj; is the stem to stem state transition probability defined before.

For a general n > 1, we have

in-1

P[A(n,j)] = Z Z ZP[X =jNXp-1 =11 N..NXp

in-1=0ip—2=0

= iy]P[nc(P)HIP[nc(Plin_1)] - Pnc(Plip)]

= Plnc(PI)] Z P Plnc(Plin_)] Z Z P[Xn_s

in-1=0 in—2=0

=ip_q1 N ..N Xy = ig]P[nc(Pliy_y)] ... Plnc(Pliy)]

j
= Plnc(PI)] ) piPIAG - 1,1)]
=0
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We need to compute P[nc(P|j)]. Let X,» be the state of any n? generation progenitor
cell from the progenitor lineage originated from a j-state stem cell. Let X, be the state of

one of terminal cells generated by the corresponding progenitor cell. See Figure 10 below:

Progenitor Cell
Generation

Terminal Cell
O State

Last Generation
Progenitor Cell
State

/

Stem Cell State ‘
X = ‘_’.\ @ -

“ ------- . Stem Cells
\. . Progenitor Cells

‘ Terminal Cells

Figure 10: Mutation state notations in one progenitor-terminal lineage originated from one stem cell.
Let X = j be the mutation state of the stem cell. Let random variable X,,» be the mutation state of any
final generation progenitor cell. Let random variable X, be the mutation state of either one of
daughter terminal cells generated from the progenitor cell.

According to the propagation property of cell states, we have

mp—l mt—l

PInc(PIN] = ( ) Pl = ilX =1 ). PIX, = UKo = D))"
i=j I=i

Note that P[Xnp» = i|X = j] = p;7 and P[X, = [|X,» = i] = p}".

With these arguments in place, we can finally compute the total cancer risk.
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Now we provide the cancer risk computed through our model using the data in the

supplementary material of [31], which provided a list of common types of tissues with

their stem cell number, total cell number, cell division parameters and observed cancer

risk. For example, see Table 1 blow for the first 3 rows of the data:

Table 1 [31]. Thirty-one tissue/cancer types with their lifetime cancer risk and relevant parameters,
from supplementary material for [31]. where id denotes the cancer type id number, following the
same order as in Table S1 of the supplementary material for [31]. Here N, is the total number of
normal cells in the tissue of origin, N;,,, is the number of stem cells in the tissue of origin, n;,:,; is
the number of divisions of each stem cell per lifetime, Iscd is the cumulative number of divisions of
all stem cells per lifetime, and, cr is the observed cancer risk.

id

Tissue/cancer_
name

risk_observe
d (cr)

num_total (Niw)

num_stem (Nyewm)

num_stem_
generation (M)

num_stem_div_
all_cells (Iscd)

Acute myeloid
leukemia

0.0041

3.00E+12

1.35E+08

960

1.30E+11

Basal cell
carcinoma

0.3

1.80E+11

5.82E+09

608

3.55E+12

Chronic
lymphocytic
leukemia

0.0052

3.00E+12

1.35E+08

960

1.30E+11

Colorectal
adenocarcinoma

0.048

3.00E+10

2.00E+08

5840

1.17E+12

Colorectal
adenocarcinoma
with FAP

3.00E+10

2.00E+08

5840

1.17E+12

Colorectal
adenocarcinoma
with Lynch
syndrome

0.5

3.00E+10

2.00E+08

5840

1.17E+12

Duodenum
adenocarcinoma

0.0003

6.80E+08

4.00E+06

1947

7.80E+09

Duodenum
adenocarcinoma
with FAP

0.035

6.80E+08

4.00E+06

1947

7.80E+09

Esophageal
squamous cell
carcinoma

0.001938

3.24E+09

8.64E+05

1390

1.20E+09

Gallbladder non

papillary
adenocarcinoma

0.0028

1.60E+08

1.60E+06

47

7.84E+07

Glioblastoma

0.00219

8.46E+10

1.35E+08

2.70E+08

Head and neck
squamous cell
carcinoma

0.0138

1.67E+10

1.85E+07

1720

3.19E+10

Head and neck
squamous cell
carcinoma with
HPV-16

0.07935

1.67E+10

1.85E+07

1720

3.19E+10

Hepatocellular
carcinoma

0.0071

2.41E+11

3.01E+09

88

2.71E+11

Hepatocellular
carcinoma with
HCV

0.071

2.41E+11

3.01E+09

88

2.71E+11

Lung
adenocarcinoma
(nonsmokers)

0.0045

4.34E+11

1.22E+09

5.6

9.27E+09

Lung
adenocarcinoma
(smokers)

0.081

4.34E+11

1.22E+09

5.6

9.27E+09
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18 | Medulloblastoma 0.00011 8.50E+10 1.36E+08 0 2.72E+08

19 | Melanoma 0.0203 3.80E+09 3.80E+09 199 7.64E+11

20 | Osteosarcoma 0.00035 1.90E+09 4.18E+06 5 2.93E+07
Osteosarcoma of

21 | the arms 0.00004 3.00E+08 6.50E+05 5 4.55E+06
Osteosarcoma of

22 | the head 0.0000302 3.90E+08 8.60E+05 5 6.02E+06
Osteosarcoma of

23 | the legs 0.00022 7.20E+08 1.59E+06 5 1.11E+07
Osteosarcoma of

24 | the pelvis 0.00003 2.00E+08 4.50E+05 5 3.15E+06

25 | Ovarian germ cell 0.000411 1.10E+07 1.10E+07 0 2.20E+07
Pancreatic ductal

26 | adenocarcinoma 0.013589 1.67E+11 4.18E+09 80 3.43E+11
Pancreatic
endocrine (islet

27 | cell) carcinoma 0.000194 2.95E+09 7.40E+07 80 6.07E+09
Small intestine

28 | adenocarcinoma 0.0007 1.70E+10 1.00E+08 2920 2.92E+11
Testicular germ

29 | cell cancer 0.0037 2.16E+10 7.20E+06 463 3.35E+09
Thyroid
papillary/follicular

30 | carcinoma 0.01026 1.00E+10 6.50E+07 7 5.85E+08
Thyroid medullary

31 | carcinoma 0.000324 1.00E+09 6.50E+06 7 5.85E+07

Here N;,¢q; 1s the total number of normal cells in the tissue of origin, Ny, 1s the number
of stem cells in the tissue of origin, n,,. is the number of divisions of each stem cell per
year, Nyyrq; 18 the number of divisions of each stem cell per lifetime, and, Iscd is the
cumulative number of divisions of all stem cells per lifetime.

In this chapter we use the provided data to set up our model parameters and then compute
an approximated cancer risk upper bound. In addition, we also present the cancer risk
computed using our original stem-cell only model presented in [34] as a comparison.

The only parameters relevant to cancer risk computation are ng, n; and n?. The
division/death rates are not involved in our mutation acquisition model. The parameters
ng (upper bound) and n;, can be directly determined from the data provided with n§ =
[logz (Nstem)1 and ng = Niorar-

According to the probability propagation and cancer risk computing formulas, the longer

the cell lineage is, the higher the cancer risk will be. Therefore, to obtain the upper bound,
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we can determine nP, the length of progenitor lineage, so that the homeostatic progenitor
and terminal cell number will not be lower than the given values even only one
generation of stem cell are taken into account. Specifically, we can assume all cells

except stem cells are progenitor cells, i.e. N, = Niorq; — Ngtern. Then we assume the

contribution to N,, all come from one single generation of stem cells, such that we have

Nypomy X2 = N, and n? = [logz (N,/ Nstem)]. We chose the required mutation number
for cancer onset to be: mg = 3 for stem cells, m,, = 4 for progenitor cells and m, = 5 for

terminal cells. We chose the mutation rate for all cells to be u = 2.5x1078.
Table 2 below contains the cancer risk computed using our model and the stem cell-only

model in [34]. Here nﬂpper is the progenitor lineage length computed according to
arguments above, Nll, is the lower bound number of progenitor and terminal cells based

onn?

upper»> Mg and, ng. Ng = 2" The total cell number from the model is N = N,ﬁ + N;.

In addition, c7,pserveq 18 the observed cancer risk, cr, is the upper bound cancer risk, and
CTstem 18 the cancer risk from the stem cell-only model in [34]. The tissue types follow

the same order as in the supplementary material of [31].

Table 2: Cancer risk observed in [31], computed using our intermediate model, and computed using
our original stem-cell-only model [34]. Here cT,p5erveq iS the observed cancer risk; cr,, is the upper
bound cancer risk computed through our model and cry,,, is the cancer risk from the stem cell-only

model in [34]. In addition, nﬁpper is the progenitor lineage length computed according to arguments
above, N,lg is the lower bound number of progenitor and terminal cells based on nﬁpper, n; and n3.
N = 2", The total cell number from the model is N = Né + N;. Tissue types with significantly

different cr, and crg.,, are highlighted. Note that the id number here follows the same order with
the tissue types in supplementary material of [31].

id Niotar Nstem ng CT observed ng anper NL N N Cry CTstem

1 3.00E+12 1.35E+08 | 960 4.100000E-03 28 14 8.80E+12 2.68E+08 | 8.80E+12 | 2.590000E-06 | 2.040000E-06
2 1.80E+11 | 5.82E+09 | 608 3.000000E-01 33 4 2.75E+11 8.59E+09 | 2.83E+11 | 6.300704E-03 | 2.390000E-05
3 3.00E+12 1.35E+08 | 960 5.200000E-03 28 14 8.80E+12 2.68E+08 | 8.80E+12 | 2.590000E-06 | 2.040000E-06
4 3.00E+10 | 2.00E+08 | 5840 | 4.800000E-02 28 7 6.87E+10 2.68E+08 | 6.90E+10 | 6.314950E-04 | 6.310960E-04
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5 3.00E+10 | 2.00E+08 | 5840 | 1.000000E+00 | 28 | 7 6.87E+10 2.68E+08 | 6.90E+10 | 6.314950E-04 | 6.310960E-04
6 3.00E+10 | 2.00E+08 | 5840 | 5.000000E-01 28 | 7 6.87E+10 2.68E+08 | 6.90E+10 | 6.314950E-04 | 6.310960E-04
7 6.80E+08 | 4.00E+06 | 1947 | 3.000000E-04 | 22 | 7 1.07E+09 4.19E+06 | 1.08E+09 | 4.770000E-07 | 4.770000E-07
8 6.80E+08 | 4.00E+06 | 1947 | 3.500000E-02 | 22 | 7 1.07E+09 4.19E+06 | 1.08E+09 | 4.770000E-07 | 4.770000E-07
9 3.24E+09 | 8.64E+05 | 1390 | 1.938000E-03 20 11 4.29E+09 1.05E+06 | 4.30E+09 | 3.870000E-08 | 3.780000E-08
10 1.60E+08 | 1.60E+06 | 47 2.800000E-03 21 6 2.68E+08 2.10E+06 | 2.71E+08 | 7.860000E-12 | 7.860000E-12
11 8.46E+10 | 1.35E+08 | O 2.190000E-03 28 | 9 2.75E+11 2.68E+08 | 2.75E+11 | 4.630000E-11 | 4.630000E-11
12 1.67E+10 | 1.85E+07 | 1720 | 1.380000E-02 | 25 | 9 3.44E+10 3.36E+07 | 3.44E+10 | 1.540000E-06 | 1.540000E-06
13 1.67E+10 | 1.85E+07 | 1720 | 7.935000E-02 | 25 | 9 3.44E+10 3.36E+07 | 3.44E+10 | 1.540000E-06 | 1.540000E-06
14 | 2.41E+11 | 3.01E+09 | 88 7.100000E-03 32 |6 5.50E+11 4.29E+09 | 5.54E+11 | 3.340000E-07 | 8.130000E-08
15 | 2.41E+11 | 3.01E+09 | 88 7.100000E-02 | 32 | 6 5.50E+11 4.29E+09 | 5.54E+11 | 3.340000E-07 | 8.130000E-08
16 | 434E+11 | 1.22E+09 | 5.6 4.500000E-03 31 8 1.10E+12 2.15E+09 | 1.10E+12 | 8.890000E-10 | 8.890000E-10
17 | 434E+11 | 1.22E+09 | 5.6 8.100000E-02 | 31 8 1.10E+12 2.15E+09 | 1.10E+12 | 8.890000E-10 | 8.890000E-10
18 | 8.50E+10 | 1.36E+08 | 0 1.100000E-04 | 28 | 9 2.75E+11 2.68E+08 | 2.75E+11 | 4.660000E-11 | 4.660000E-11
19 | 3.80E+09 | 3.80E+09 | 199 2.030000E-02 | 32 | O 8.59E+09 4.29E+09 | 1.29E+10 | 8.440000E-07 | 8.440000E-07
20 1.90E+09 | 4.18E+06 | 5 3.500000E-04 | 22 | 8 2.15E+09 4.19E+06 | 2.15E+09 | 1.290000E-12 | 1.290000E-12
21 3.00E+08 | 6.50E+05 | 5 4.000000E-05 20 | 8 5.37E+08 1.05E+06 | 5.38E+08 | 1.590000E-13 | 1.590000E-13
22 | 3.90E+08 | 8.60E+05 | 5 3.020000E-05 20 | 8 5.37E+08 1.05E+06 | 5.38E+08 | 2.100000E-13 | 2.100000E-13
23 | 7.20E+08 | 1.59E+06 | 5 2.200000E-04 | 21 8 1.07E+09 2.10E+06 | 1.08E+09 | 4.370000E-13 | 4.370000E-13
24 | 2.00E+08 | 4.50E+05 | 5 3.000000E-05 19 [ 8 2.68E+08 5.24E+05 | 2.69E+08 | 9.720000E-14 | 9.720000E-14
25 1.10E+07 | 1.10E+07 | O 4.110000E-04 | 24 | 0 3.36E+07 1.68E+07 | 5.03E+07 | 2.380000E-12 | 2.380000E-12
26 1.67E+11 | 4.18E+09 | 80 1.358900E-02 | 32 | 5 2.75E+11 4.29E+09 | 2.79E+11 | 9.180000E-08 | 9.180000E-08
27 | 2.95E+09 | 7.40E+07 | 80 1.940000E-04 | 27 | 5 8.59E+09 1.34E+08 | 8.72E+09 | 1.420000E-09 | 1.420000E-09
28 1.70E+10 | 1.00E+08 | 2920 | 7.000000E-04 | 27 | 7 3.44E+10 1.34E+08 | 3.45E+10 | 4.000000E-05 | 4.000000E-05
29 | 2.16E+10 | 7.20E+06 | 463 3.700000E-03 23 11 3.44E+10 8.39E+06 | 3.44E+10 | 1.280000E-08 | 1.280000E-08
30 1.00E+10 | 6.50E+07 | 7 1.026000E-02 | 26 | 7 1.72E+10 6.71E+07 | 1.72E+10 | 3.650000E-11 | 3.650000E-11
31 1.00E+09 | 6.50E+06 | 7 3.240000E-04 | 23 | 7 2.15E+09 8.39E+06 | 2.16E+09 [ 7.220000E-10 | 2.740000E-12

For all tissue types, both cr, and cryep, are far below the observed risk c7ypgerved; CTu
and crg.p, are very close for most tissue types, except for tissues 2 (Basal cell
carcinoma),14/15 (Hepatocellular carcinoma without/with HPC), and 31 (Thyroid
medullary carcinoma).

Figure 11 below provides a sensitivity analysis on different mutation rates and two

different scenarios: 1x1071° (stem cell only with mg = 3), 1x107? (stem cell only with
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mg = 3), 11078 (stem cell only with mg = 3), 2.5x10~8 (stem cell only with m, = 3),
and 2.5%X107® (our model with mg = 3, my, =4, and m; =5). We can see that the
cancer risk level with progenitor and terminal cell involved is still below the observed

level.

Computed The cancer risk level
with progenitor and

o - ) Mutation‘rate =2.§tg

log10(Cancer Risk)

T T T T T T

7 8 9 10 11 12
log10(Iscd)

Figure 11: A sensitivity analysis of different mutation rates on my; = 3. The figure provides computed
cancer risk level using stem-cell-only model in [7] with mutation rates: 1x1071°, 1x107°, 1x10~8,
and 2.5x1072 and also the upper bound cancer risk level computed through our model for the
setting: u; = u, = 2.5x10"% and m; = 3,m, = 4, m, = 5.
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Chapter 4 Extended Risk Model

For the model in Section 2.5.1 and Chapter 3, the cell division structure is fixed, i.e. stem
cells first go through symmetric self-renewals and then asymmetric divisions throughout
lifetime, which is a strong assumption for cell dynamics. Hence, we need to extend the
previous model to allow more general division patterns (e.g. self-renewal, differentiation,
etc.) with a certain probability distribution, for stem and progenitor cells at each of their
generations.

During mutation acquisitions, different driver mutations could have different effects on
mutation rate or cell dynamics [1, 11, 39]. These effects might include increasing cell
fitness, increasing mutation rate, reducing cell death probability, etc. [39]. Therefore, as
opposed to using simply the number of mutations to label cell status in Chapter 3, we
need to differentiate various driver mutations to sufficiently describe the multistage
cancer development.

In addition, we will provide an extended theoretical lifetime intrinsic risk (eTLIR)
computation by including all general division patterns, using a recursive framework. The
eTLIR model will also be able to simulate different mutation effects, including clonal
expansion.

This chapter will be structured as follows: First we will formulate cell dynamics model
allowing generalized cell division patterns at each generation in Sections 4.1 and 4.2.
Then we will describe how to model mutation acquisitions for different driver mutations
and their effects on cell behaviors in Section 4.3. We will provide a detailed derivation of
the extended theoretical lifetime risk computation model, including mutation effects and

clonal expansion in Section 4.4. In Section 4.5, we discuss the algorithm for cell
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dynamics under clonal expansion. Finally, we will describe how to quantify the

contributions of intrinsic factors to the observed cancer risk, in Section 4.6.

4.1 General Division Patterns
Generally, a stem or progenitor cell could go through one of 6 behaviors, illustrated in

Figure 12, at the beginning of a cell cycle at each generation.

® O Q.)\C/KQ:

renew-1 renew-2 diff-1 diff-2 renew-diff

P? (t) PJ (t) P3 (1) P3,(t) PPy (t) P% (t)
renew-1 renew-2 diff-1 d|ff-2 renew-d iff

240 PL (1) PL (1) PL (1) 20 P’s(t)

. Stem Cell . Progenitor Cell ‘Terminal Cell

Figure 12: General types of cell divisions.

A stem/progenitor cell, at the moment of division, could self-renew to 1 or 2 daughter
stem/progenitor cells, with probabilities P& (t) and PS5, (t), where C denotes the type of
cells, i.e. C = S for stem cells and C = P for progenitor cells, where t is the time for the
beginning of some cell cycle. In addition, a cell could differentiate to 1 or 2 differentiated
cells (stem to progenitor, or progenitor to terminal) with probabilities PS, (t) and P, (t).
Also a cell could generate 1 renewed daughter cell and 1 terminal daughter cell, with
probabilities P, (t). Finally, a cell could die with probability PS5 (t). Later we will see
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that these cell behavior probabilities, P{ (t), b € {r1,72,d1,d2,rd,D}; C € {S, P} could
also vary depending on cell mutation acquisitions, by incorporating mutation effects on
dynamics.

Let g5 and gp be the maximum generation numbers (total number of divisions) of stem
and progenitor cells, respectively, in their lineages. Also, let Atg(t), Atp(t) and At (t) be
the cell cycle time for stem, progenitor, and terminal cells at some time t for the
beginning of a cell cycle. We denote tg(h),h = 0,1 ... g5 be the start time of stem cell
cycles at generation h; tp(hg, hp), hg = 0,1 ...(gs — 1); hp = 0,1 ... gp be the start time
of progenitor cell cycles, for generation hp progenitor cells originated from hg generation
stem cells (progenitor lineage hg ); ty(hg, hp,0) and tr(hg, hp,1),hs = 0,1 ...(gs —
1); hp = 0,1 ... gp be the start and end (death) time points of terminal cell cycles, for
terminal cells generated from hp generation progenitor cells in lineage hg. Figure 13

below provides an illustration for the general lifetime cell evolution.
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Stem Cell Generations hg Progenitor Cell Generations hp

hp=0——> hp=1—hp=2 ceeeeeeee.] » hp =gp
hs=0

Ats(es(hs) {

Atp(tp(hs, hp))

J i T\/ ........... . @8

.Stem Cell 'Progenllor Cell ‘Termlnal Cell - Death

Figure 13: General lifetime cell evolution structure.

We can easily determine the start times for each cell cycles with Atg(t), Atp(t) and
Aty (t) . For stem cells, ts(0) =0 and tg(h) =ts(h—1) + Ats(ts(h - 1)) forh =
1...gs; similarly for progenitor cells of an arbitrary branch hg = 0 ... (g5 — 1), we have
tp(hs, 0) = ts(hs) + Ats(ts(hs)) = ts(hs +1)  and  tp(hg, hp) = tp(hs, hp — 1) +
Atp(tp(hg, hp — 1)) for hp = 1 ... gp; for terminal cells, we have its cell cycle start time
tr(hs, hp, 0) = tp(hs, hp) + Atp(tp(hs, hp)) and cell death time tr(hg hp, 1) =
ty(hg, hp, 0) + AtT(tT (hg, hp, 0)) , for terminal cells generated by hp generation

progenitor cells within branch hg.
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4.2 Cell Dynamics and Homeostatic Condition

We now describe how cell numbers changes stochastically with time based on the general
division patterns in Section 4.1. Later we will derive homeostatic conditions on expected
cell numbers.

Let Ng(t), Np(t) and Ny (t) be the number of stem, progenitor and terminal cells at time
t. To derive Np(t) and N;(t), we define auxiliary cell numbers for progenitor and
terminal cells: Np(t, hg) and Ny (t, hs) to be the progenitor/terminal cell number within
branch hg at time t; and N (t, hg, hp) to be the number of terminal cells generated from
hp generation progenitor cells, among Ny (t, hs).

Since each cell will randomly go through one of these behaviors independently, the
transition of cell numbers from one generation to the next should follow a multinomial
distribution. Let ng(hg, b),b € {r1,r2,d1,d2,rd, D} be the number of stem cells, among
all stem cells of Generation hg, that will have behavior b during their cell cycles.
Similarly, we can define np(hg, hp, b) for progenitor cells.

We have

{ns(hs, b)}lbe{rl,rz,dl,dz,rd,D}

~ Multinomial(NS (ts (hs) )' Py (ts (hs))} | be{rl,rZ,dl,dZ,rd,D})

and

{np(hs, hp, b)}lbe{rl,rZ,dl,dZ,rd,D}

~ Multinomial (Np (tp (hs, hp)): Py (tp (hs, hP))}lbe{rl,rZ,dl,dZ,rd,D})

Now the transitions are obvious; basically, part of the stem cells will renew to yield the

next generation of stem cells:

Ns(ts(hs + 1)) = Zns(hs, TZ) + ns(hs, Tl) + ns(hs, Td) for hs =0 s — 1
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and the rest of stem cells will differentiate into initial generation progenitor cells within

the particular branch:

Np(tp(hg, 0), hg) = 2ng(hg, d2) + ng(hg, d1) + ng(hg, rd)

Similarly, some of the progenitor cells will renew to yield the next generation’s

progenitor cells, and the rest differentiate into terminal cells. The last generation

progenitor cells will all become terminal cells. In general,

Np(tp(hg, hp + 1), hg) = 2np(hg, hp,1r2) + np(hg, hp,r1) + np(hg, hp, rd) for hp
=0..gp—1

and

Ny (ty(hg, hp,0), hg, hp) = 2np(hg, hp, d2) + np(hg, hp, d1) + np(hg, hp,rd) for hp
=0..9p

With the above transition relations and the initial condition Ng(0) = 1, we can easily

compute cell numbers at the start time of the corresponding cell cycles:

Ns(ts(hs)), Np(tp(hs, hp), hs) and Ny (t7(hs, hp, 0), hs, hp).

Then for an arbitrary time t, we have

gs—1
Ng(t) = Z Ltg(hg)st<ts(hg+1)} Ns(ts(hs)) + H{tzts(gs)}NS(tS(gS))
hs=0
gp-1
Np(t, hs) = Z Litp(hg npy<t<tp(ngnp+1)} Np(Ep(hs, hp), hs)
hp=0

+ H{tp(hs,gp)5t<tT(h5,gp,0)}NP (tP (h'S! gP)! h’S)
Ny (t, hs, hp) = Niep(ng hp0)<t<tr(ngnp 3N (Er (hs, hp, 0), hs, hp)
For progenitor and terminal cells, the total cell number can be obtained by summing over

all sub-branches.
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gs—1

No(©) = D Npltihs)

hg=0

gs—1 gp

Ny (t) = Z Z Ny (¢, hs, hp)

hs=0 hp=0
Note that the above cell numbers are basically stochastic and can be obtained through
simulation in practice. We now derive simplified expressions, in closed form, for
expected values of Ng(t), Np(t) and Nz(t) and then discuss the constraints on cell
behavior probabilities, cell lineage structure and cell cycle time required for homeostatic
states.
Let N¥ be the homeostatic cell number, among which N{, N} and N are homeostatic
stem, progenitor and terminal cell numbers. Note that it is possible that only some of
these homeostatic numbers are available. For example, in [31] only N¥ and NI are
provided, in which case we will have weaker constraints on progenitor and terminal cell
parameters.
At the steady state, in general we need E[Ns(t)] = N&,E[Np(t)] = NX,E[N;(t)] =
NH and E[Ng(t) + Np(t) + Ny (t)] = N2, Also, it is reasonable to assume that in steady
state the probability for different cell behaviors and cell cycle times remain unchanged
with time, i.e. P; (t) = P§, P{ (t) = P{ (except for the last progenitor generation where
all progenitor cells evolve to terminal cells) and Atg(t) = Atg, Atp(t) = Atp, At (t) =
Aty
We introduce notation A[A|B] to be the average number of A cells, generated from one B
cell through renewal or differentiation in steady state. Then it is obvious that A[S|S] =

2P%, + PS5, + P53, A[P|S] = 2P3, + P35, + Pyy, A[P|P] = 2PF, + P, + P, and
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A[T|P] = 2PE, + P}, + PF,. Note that for last generation progenitor cells, A[P|P] = 0
and A[T|P] = 1. Now we build the homeostatic conditions.

For stem cells, since

gs—1

E[Ns(t)] = Z H{tg(hs)st<t5(h5+1)}E[Ns(ts(hs))] + H{tzts(gs)}E[NS(tS(gS))]
hs=0

we only need E[Ng (ts (hs))] to stay unchanged w.r.t. hg. Since it is not hard to see that
E[Ng(ts(hs))] = A[SIS]E[Ns(ts(hs —1))] , we just require A[S|S]=1 and
E [Ns(ts (hs))] = N¥, which is the condition for stem cell homeostasis.
For progenitor cells, similarly we can express the transition in steady state as:
E[Np(tp(hs, 0), hs)] = A[P|S]E[Ns(ts(hs))] = A[P|S]NS’
and
E[Np(tp(hs, hp), hs)] = A[P|P]E[Np(tp(hs, hp — 1), hs)] forhp = 1...gp
Therefore, we have
E[Np(tp(hs, hp), hs)] = A[P|P]"PA[P|SIN{ for hp = 0 ... gp
As a fundamental difference to stem cell lineage, for progenitor cells we could include
multiple branches when computing total cell number. At an arbitrary time t, we can show
that the approximate average number of hp generation progenitor cell cycles, across all
branches, that include time t, equal to the ratio of progenitor cell cycle time and stem cell

cycle time, i.e.

gs—1

Atp
Z H{tp(hs,hp)st<tp(h5,hp+1)} ~ A_ts forhp =0..g9p — 1
hs=0

and
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gs—1

Atp
z Uepns.gpst<trnsgron = 3
S
hs=0
Therefore,
gs—1
EINO] = ) EINp(t,hs)]
hs=0
gs—1gp-1
= Z Z H{tp(hs,hp)St<tp(h5,hp+1)}E[NP(tP(h'S’ hP)’ h'S)]
hs=0 hp=0
gs—1
+ Z Lt p(hs,gp)<t<tr(ns,gp 0} E [Np (Ep (hs, gp), hs)]
hs=0
Z —,1 [P|P]" A[P|SINY
hp=0
(A
EA[P|SINE if A[P|P] =0
Aty
AtP H .
= 1 (gr + DG APISING ifA[P|P] = 1
Atp /1 IS 1 — /1[P|P]9PJr1 therwi
| Az, [P|SINE ~2[PIP] otherwise

For terminal cells, it is easy to show that
Nr(tr(hs, hp, 0), hs, hp) = A[T|P]E[Np(tp(hs, hp), hs)]
= A[T|P]A[P|P]" A[P|SIN& for hp = 0..gp — 1
and
Ny (tr(hs, hp, 0), hs, hp) = E[Np(tp(hs, hp), hs)] = A[P|P]"? A[P|SIN§' for hp = gp

Similar to the arguments for progenitor cells, we have

gs—1

Aty
Z H{tT(hs,hp,O)St<tT(h5,hp,1)} ~ E forhp =0..gp
hs=0 S
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Therefore,

gs—1 gp
EIN;(O1= ). > EINy(ths, b))
hs=0 hp=0
gs—1 gp
= > D lrtnsnnstctrtugnpay BN (oo, hp, 00, h, )]
hs=0 hp=0
gp-1
Aty u , Atr H
- Z T AITIPIA[P|P]™ A[P|SINY + =L A[P|P]9% A[P|S]N!
Ats AtS
hp=0
At
( L AIPISINEAITIP) ifA[P|P] = 0
S
At ; ,
= | T AIPISINE (gpAITIP] + 1) ifA[P|P] = 1
S
At 1 - A[P|P]¢" ,
Jﬂ[PlS]N;(A[T'P]Wﬁ'A[Plp]gp) otherwise

\ Atg
It is straightforward to derive conditions for progenitor and terminal cell parameters that
satisfies homeostatic conditions E[Np(t)] = NJ and E[N;(t)] = NE. In cases where we
do not know specifically the number of progenitor/terminal cells each in non-stem cells,
we can use E[Np(t)] + E[N;(t)] = N — N which will result in weaker constraints on
parameters. Normally we assume some fixed parameters and tune others; for example, we
can fix progenitor cell lineage length g, and cell division probabilities and compute Atp

and At that satisfies homeostasis.

4.3 Mutation Acquisition with different driver mutations

In our previous models, the state space was characterized by the number of mutations
acquired {0,1,2 ...m}. This setting is simple and efficient but unable to model the
ordering of mutation acquisition and incorporate mutation effects. Now we expand the

state space to consider the acquisition of each driver mutation from a pool.
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In our model we assume 5 different driver mutations (M,, M,, M3, M,, M5) that are
crucial for cancer onset (in fact an arbitrary number of mutations can be added to this
framework), then the state space (the status of mutation acquisition in a cell) can be
represented as an array 0 = {ly,, Iy, lps,, Ing,, Iy} where I, =1 if M; has been
acquired by the current cell and 1,;, = 0 otherwise. There are totally 32 different states in
the state space: 8, = {0,0,0,0,0},06, = {0,0,0,0,1} ...65; = {1,1,1,1,1}. Note that this
state space does not consider re-hits of the same mutation.

Now we describe how to compute the transition probabilities,
Uy = P[child cell have state 6y|parent cell have state Gx] x,y=0..31
There are two steps necessary to compute all the transition probabilities from 0, =
{]lgf,? Hgffs)} to 6, = {]11(‘,3,'1) ]11(3;5)}’ x,y = 0...31. First, we define a helper "transition"
probability, V., to be the conditional probability that a cell of state 0, will acquire extra
mutations specified in 0, in its daughter cell during the division. Specifically,
Vey = P[child cell has state 6, = 0,, + 6y|parent cell have state ex] x,y=20..31

where we define 6, + 8, & 6,]0, = {I{ or 13}’ .15 or I3},

Let r[M;|6,] = P[child cell will acquire mutation M;|parent cell has state 6,/], for i =
1..5and x = 0...31. Normally r[M;|6,] is called the mutation rate, and in our context,
it can depend on the current cell state 8, so that we can incorporate mutation effects on

mutation rates later on.

Since we assume a cell acquires each individual mutation independently during a
division, we have I, = l-szl[ﬂgi)r[Milex] + (1 — 111(\3?) (1 — r[M;|6,])]. For example,

if 6, = {0,0,1,0, 1} then we have
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ny = (1 - T[Mllex])(l - 7"[1\42|03c])7"[1\/13|6x](1 - T'[M4|9x])7'[M5|9x]

Figure 14 below provides an illustration.

f
Parent with state
9, = {0,1,0,0,1}
Acquire new individual mutations .* - Acquire new individual mutations
> ]
Acquire mutations {Ms, M5} Acquire mutations {M3}
8, = {0,0,1,0,1} 8, = {0,0,1,0,0}
Merge into new state v Merge into new state
P . >
Child with state
f,=60,+6,=1{0,1,1,0,1}

Figure 14: lllustration of the multi-mutation state space, where the mutation state of each cell is
represented by a vector of length equals to the total number of driver mutations considered.

We now compute the transition probabilities Uy, with the help of V. Since we do not
consider re-hits, the already acquired mutations and new acquired mutations can be
merged, by the bitwise OR operation as shown above, into a new state. As in Figure 14,
there could be multiple "paths" from state 6, to 8, and the transition probability should

sum over all the cases for the intermediate state By.

Therefore we have:

Urz = lio,e6, Z Vey
V:0x+6y,=0,
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We say 6, € 6, if 0, + 6, = 8,. This model allows us to consider mutation effects on
mutation rate [1, 5, 11]. For example, if we let any cell that acquired M, to have an
enlarged mutation rate, then we can specify r[M;|60,] = ar[M;|6,] if ]lgffj =1, where
a > 1 is the factor of enlargement. In addition, we can specify the set of mutations
required for cancer onset for stem, progenitor and terminal cells, for example, a stem cell
could require (M3, M,, Ms) for cancer onset, while a progenitor cell may require extra

mutation M,, etc.

4.4 Extended theoretical lifetime intrinsic risk

In this section, we will develop a new theoretical lifetime cancer risk computation model,
the extended TLIR. Comparing to our models in Chapters 2 and 3, this extended model
will provide the most realistic computation for a general cell division structure based on
current knowledge of carcinogenesis.

In fact, aside from the simulation models, very few discrete stochastic models in
literature considered the general cell division structures for cancer risk computation,
though in some cases they could provide close approximates. The model by Frank et al.
[8] assumes a stem-progenitor division structure that is similar to our case, yet they did
not derive precise solutions of their model; instead, they derived an approximate formula
for cancer risk without featuring probability propagations. Also, their model is hard to
generalize into the situation of dynamic cell evolution as stem and progenitor division
may have different cycle length.

Little and Hendry [40] generalized both models from Wu et al. [34] and Frank et al. [8]
by adding an additive extrinsic risk. They assumed that during each stem cell division,

the mutation acquired in the daughter cell is either from extrinsic risk (mutagen-induced)
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or intrinsic risk (spontaneous) with certain extrinsic/intrinsic mutation rates. However,
this is not realistic as the intrinsic and extrinsic risk factors may interact, and thus, their
approach ignores such interactions. In contrast, in our model we first compute the
intrinsic risk caused by the intrinsic mutations alone and then the non-intrinsic risk
(including extrinsic risk and risk due to interactions between intrinsic and extrinsic
factors) as the remainder of the observed risk subtract the intrinsic risk. We also able to
quantify the contributions of intrinsic factors to total cancer mutations based on the
expected accumulated number of mutations within cancer cells, which will be discussed
in detail in Section 4.6.

Though the extended model follows the same probability propagation mechanism
inherently as the previous models, it provides a different way to compute the theoretical
risk (extended risk). The extended risk is calculated based on more realistic dependency
structures within cell divisions. We now demonstrate the major difference between the
extended model and the original stem cell model, in the risk computation algorithms.
First, we derive a more exact final step to risk computation for our original stochastic

cancer stem cell model.

mutation state  transition probabilities

- (0
\_ﬂ(() ),...,ﬂ,(,?)
m—i\ . .
Pij = (J' —z‘)uj ‘(1= w) "™ 1 o<icj<m)

- (1
® & -

Figure 15: Illustration of one general cell division, from Generation 0 to Generation 1. Parent cell
(root) divides into two daughter cells, left child (Ic) and right child (rc). The number of mutations

(mutation state) on each cell is possibly from 0 to m. We use ng') to represent the probability that the
cell at the corresponding generation has i mutations. Given the mutation state in parent cell (root),
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each daughter cells will inherit all mutations in parent, and will independently acquire extra
mutations according to the transition probability p;.

We present a simple diagram in Figure 15 to illustrate a simple cell division, a parent cell
(root) divides into two daughter cells, left child (Ic) and right child (rc). The transition
rule in Figure 15 is the fundamental assumption for probability propagation in our
original stem cell model, intermediate model as well as exact risk model inherently.

According to our original stem cell model in Section 2.5.1 the theoretical risk is
2
tLIR=1-[1-PlX, =m]]" =1-[1 -]

We denote the probability that no cancer cell occurs in the structure in Figure 15,

according to original stem cell model is:
2

m-—1
Probyq; —[1-2®] = @1 = p[x 1P[X
robgyigina (N0 cancer) T, T, e <m]P[X,. <m]
i=0

according to our probability propagation rules, where X. denotes the mutation state

(0,1, -, m) in the corresponding cell. Note that since Tl,'i(l) =¥ n,io)pki, therefore
m—-1 i 2 m—-1m-1 2
0 0
lDFOboriginal(no cancer) = Z Z T[l(( )pki = [ T[](( )pki]
i=0 k=0 k=0 i=k

Note that Y7 pri = 1 — Py and 1 — pyy = 0 for k = m; so, we can add the term

rt,(,?)(l — Pmm) above:

m 2
Prob,iginai(no cancer) = [Z n,((o) (1- pkm)]
k=0
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On the other hand, we compute the above probability from scratch and obtain
Prob,,,.(no cancer). In fact, due to the inheritance property of mutation acquisition:
Prob,,..(no cancer) = P[X;, <mN X, <mNX,50r <M
= P[X,por < M|X;e <mnX,.. <m]P[X;, <mnX,, <m]

=P[X,. <mnX,.. <m]

Then
m—-1m-1
Prob,,,.(no cancer) = P[X;, <mnNnX,. <m] = Z Z PlX.=inX,. =]j]
i=0 j=0

= P[ch =1iN Xy :leroot = k]P[Xroot = k]

m—1m—1 min{i,j} m-1m-1m-1
0
= k] = Z PriPkj T[k Z Z Z T[](( )pklpk]
i=0 j=0 k=0 =0 i=k j=
m-—1 m—1 m—1 m-—1
0 0
= 7T;(< ) Dki Prj = 7T;(< ) (1 = prm)?
k=0 i=k  j=k k=0
m-1 m—1
= P A=) + 0= Y 1 (1= pin)? + 70 (A = Pro)?
k=0 k=0
m
= z 77:]((0) (1 pkm)z
k=0

We now use Jensen's inequality to prove that

Prob,igina (N0 cancer) < Probgy,(no cancer)
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Proof:
Jensen’s inequality states that for a real convex function ¢, numbers x, x,, **+, x,, in its

domain, and positive weights a; such that )} a; = 1, then we have

¢ (Z aixi) = Z a;p(x;)

The equality holds if a; = 1y, for some k (special case).
Let ¢p(x) = x?%,x € [0,1] be the quadratic function and it is obviously convex; a; = T[i(o)

i(o) = 1, we must have

m 2 m
[Z 7'[,&0)(1 - pkm)] < z ﬂ}(c()) (1 - pkm)z
k=0 k=0

andx; = (1 —pyy,) fori =0,-+-,m; since Y a; =YX, 7

Therefore
Prob,igina (N0 cancer) < Probgy,(no cancer)
Proof Done.
A natural conclusion from this inequality is that theoretical risk estimated from original
stem cell model, and thus with intermediate risk model, will be larger than the exact
theoretical risk,
tLIR riginal = 1 — Probyiginai(no cancer) = 1 — Probey,.(no cancer) = tLIRqyqct

If the initial stem cell has no mutation, i.e. T[,((O) = 1gx=oy then we have tLIRriginal =
tLIRxact Up to the second generation according to the special case of Jensen’s inequality.
However, beyond the second generation, n}({o) > 0 for each k = 0,---,m according to

probability transitions; therefore, we will always have tLIRriginal > tLIRexact-

In other words, the algorithm to compute cancer risk in our original models, though

simple, would tend to over-estimate the exact theoretical risk. Alternatively, if we
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compute the risk exactly in original models, we would have to use mutation state
probabilities in each stem cell generation from the beginning, due to the parent-children
conditional dependency, during symmetric divisions; which would be much more
complicated and computational expensive. In the following, we provide a succinct and
efficient algorithm to compute the extended theoretical risk, based on recursion structure

in binary tree and dynamic programming.

4.4.1 Extended Risk Computation
We first define a generic cell division structure and then develop a recursive formula that
will be the fundamental part for theoretical cancer risk computation. Assume a parent cell
prt give birth to two daughter cells: left child lc and right child rc. Note that prt could
be a stem or progenitor cell and lc,rc could each be stem, progenitor or terminal cells
according to general division patterns. In cases where there is only one daughter cell, we
set [c to be the only child and mark r¢ = Nil.
Now we define a conditional probability

prss(6) & P[no cancer in the subtree rooted at root, T7y,,: |root state is 6]

See Figure 16 below for an explanation.
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subtree rooted at prt

x

subtree b subtree
rooted at Ic ‘ ‘ rooted at rc

Figure 16: Illustration of binary tree structure in cell division

Note that the parent cell can be any cell in the entire cell lineage and unless lc/rc are
leaves, they both are again roots of some sub-trees. Then pyr, () is the probability that
there will be no cancer cells in prt with state 8 along with all descendants of prt and
likewise for pj (0) and p;i¢ (0). Note that py?,(6) = 1 for any 6.

We now develop a recursion that computes py(6,) from p;°(6,) and pJs (6,) for x =
0..31. Let 8275 B .., OLC ..; be the combinations of mutation hits required for initial
cancer onset for cells prt, Ic and rc.

Note that
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Dpre(0x) = P[no cancer in Trprtlprt state = Gx]

= P[{prt is not a cancer cell} and {no cancer in Tr;, and Tr,..}|prt state = 0,]
= P[prt is not a cancer cell|prt state = 6, ]

X P[no cancer in Tr.| {prt is not a cancer cell} and {prt state = 6, }]

X P[no cancer in Tt | {prt is not a cancer cell} and {prt state = 6, }]

= H{Gprt ¢ 6,x}xP[no cancer in Tr.|prt state = 6, ]XP[no cancer in Tr,.|prt state = 6, ]

cancer
Now

P[no cancer in Ty |prt state = 0, ]

31

= Z P[{no cancer in T1;.} and {lc state = Hy}|prt state = Hx]

= Z P[no cancer in Trlcl{lc state = Hy} and {prt state = Hx}]

X P[lc state = 9y|prt state = Hx]

31

= Z P[no cancer in Trlcllc state = By]Uf;HC
y=0

With similar arguments for the right child, we now have the recursion:
P[no cancer in Trprtlprt state = Hx]

31
= H{Gprt $6x}x Z P[no cancer in Trlcllc state = gy]U}:;t—dc

cancer

y=0
31
: _ prt-rc
X Z P[no cancer in Trrclrc state = Hy]ny
y=0
ie.
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pprt(ex) 95&&#% Z DIy (Hy)Up;t‘“C z p1e (ey)Uprt—n'c

Next, we will extend this generic recursion to include all cell division patterns.

The above formula is only useful when we know exactly the types of Ic and rc, yet due
to the stochastic nature of cell divisions, we have to consider all possible division
patterns. We consider an extended conditional probability that no cancer cell onset will
take place in subtree Ty, rooted at cell root given the cell state 8 and cell behavior
be{r1,r2,d1,d2,rd,D}:

Proot(0,b)

& P[no cancer in the subtree rooted at root, T1;.,,¢ |root state is 6, root cell behavior is b]
We can compute this probability using the arguments above since a fixed cell behavior b
determines the daughter cells, Ilc(root,b) and rc(root,b). For example, lc(S,72) =
rc(S,r2) =S, 1lc(S,rd) = S and rc(S,rd) = P, etc. If b = D(death), then both lc and

rc will be Nil. Therefore, we have

t-l t,b
pprt (er b) 9?” %9 Z plc(prt b) (Hy)Upr creb)

cancer x

z prc(prt b (ey) Uprt—>rc(prt ,b)

Then we can compute the general conditional probability considering all possible

divisions:
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pr . (6) & P[no cancer in Tty |root state is 6]

= Z P[{no cancer in Tr,.,,.} and {root cell behavior is b}|root state is 6]
be{r1,r2,d1,d2,rd,D}

= P[no cancer in T7,,,.|{root cell behavior is b} and {root state is 6}]
be{r1,r2,d1,d2,rd,D}

X P[root cell behavior is b|root state is 8] = pre,.(0,b) PL°°t(6)
be{ri,r2,d1,d2,rd,D}

Where PL°°t(0) is the probability that cell root has behavior b given mutation state 6.
This dependency on 8 is useful, as we will see later, to model the mutation effects on cell
dynamics. Combine the above arguments, we have

t
proot(ex) - § P};‘oo (gx)ﬂ 91’” EQ
cancer X
be{r1,r2,d1,d2,rd,D}

z plc(prt'b) (ey) Uprt—»lc(prt ,b)

z prc(prt by (9 )Uprt—wc(prt ,b)

Now we show that the formula is a fundamental part to compute exact lifetime cancer

risk.

Suppose a tissue starts from a single stem cell with no mutations, then the lifetime cancer
risk R =1 —p&(8,y, hy =0) where 6, = {0,0,0,0,0} and h; denotes the stem cell
generation. Upon first division, with cell division probabilities {P; (ts(1),8,)} (note cell

division probabilities can depend both on time and mutations state), we have
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Ps©(6o, hs = 0)

= Z {Plf(hs = 1, 90)}H{9(§;incere90}
be{r1,r2,d1,d2,rd,D}

Z plC(S » (ey)US—ﬂc(S ,b) Z prc(s 5 (ey)US—»rc(S ,b)

within the left and right child lc and rc throughout all division patterns there are only two
types of cells, stem cell (S) and progenitor cell (P) as a result of renewal and
differentiation respectively. Therefore we only need to compute pg(6y, hs = 1) and
pp¢ (6o, hp = 0) where hp is the progenitor generation along its lineage.

For progenitor cell, we have

pp°(6x, hp = 0)

= Z Py (hp = 0,0)1ge, . e0,)
be{r1,r2,d1,d2,rd,D}

P-lc(P,b P-rc(P,b
Z plncC(P,b) (ey)ny c(P) Z prc(P b) (Hy)U re@h)
=0

forx =0..31
Similarly, we only need pp¢(0y, hp = 1) and p3°(8,) for x = 0...31. Note that for

terminal cells pF°(6) = ligr  coy-

See Figure 17 below, since we know the "leaf probabilities" such as p7°(6) and final

cance

generation stem cell pg©(0y, hy = gs) = L6, 0,)> We can propagate the probabilities

bottom up, from leaf to root, with a dynamic programming approach.
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Stem Cell Generations hg Progenitor Cell Generations hp

P46y, hs = 0) hp=0———>hp=1——hp =2 «eeeeeeuss » hp =gp
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hg =0
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A
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v
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v oo
L pen=e) g G @ g . o
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Figure 17: Probability recursion in lifetime general cell division structures.

4.4.2 Mutation Effects

Certain driver mutations can encourage the cell growth. In our model, PF¢"(t,8)
specifies how cell division probabilities depend on time and mutation state. Suppose M;
can promote cell growth through reducing death rate by a constant factor, then for any
cell with mutation M3, P£¢%(t,01(0,0,1,0,0) € 8) = aP$e%(t),0 < a < 1 and all other
probabilities should be renormalized, where P£e(t) is the base division probability
independent of 6.

In addition, certain mutations can further increase the chance of acquiring additional

mutations. For example, if M, increases mutation rates by a constant factor, then in our
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model we set 7[M;|0,] = ar[M;], a > 1 and re-compute the transition matrix Uy, based
on Section 4.3.

Other driver mutations could incur clonal expansion in which cells divide faster with a
reduced cycle time. As this will require a fundamental extension in our model, we will

dedicate the next session to clonal expansion.

4.4.3 Clonal Expansion and Regulation

With clonal expansion, some cell divides faster and therefore cell divisions will not stay
on the same pace. In this section, we extend the recursive cancer risk computation in
Section 4.4.1 to accommodate different cell cycles. Let M5 be the mutation that causes
cells divides faster than normal by a factor of @ > 1, then on average during each
division of normal cells (cells with no Mg mutations), there are a‘ divisions for
expansion cells (cells that acquired Ms). Figure 18 below provides an illustration for

as = 2.

‘ Normal Stem Cell

v Stem Cell with
Clonal Expansion

Figure 18: Illustration of clonal expansion of factor a’ = 2 for stem cells. For each division of
normal cells, expansion cells will have two divisions. Note that after each division of normal cells, a
proportion of daughter cells will become expansion cells, due to stochastic mutation acquisition.
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Now we develop cancer risk computation for integer expansion factor « > 1. We define
a function f(-):[0,1]™* — [0,1]™2 that maps in general the p™¢(6) in child generation to
parent generation, with n; and n, to be the total number of p™¢ considering all possible
cell type and mutation combinations. For a stem parent cell, we have n; = 32X2 and
n, = 32 considering stem and progenitor daughter cells and all 32 mutation

combinations. In general based on our model in Section 4.4.1, ppcrene () = f(Periaren

)) in that
Pore(6:) = Z AL (orrt c0,)™ Z Pioreny (0, ) Uiy F
be{r1,r2,dl,d2,rd,D}
Z pre . b)(9 ) Uprt—»rc(prt b)
for each 0,.

For clonal expansion, we separate parent cells into two classes, one with clonal expansion
inducing mutation M5 and the other one not. Let a be the integer expansion factor and
Piiaren () be the probabilities of children cells in any normal generation. Note that the
cells in children generation includes both normal cells and expansion cells as normal
cells will give birth to expansion cells with mutation acquisition upon the completion of
the cell cycle, corresponding to a divisions of expansion cells. We update each class of
cells separately and then merge them together. For expansion cells,
P2 rent (0} wsseer) = F© Plraren(?)) that applies £(-) @ times on Plgygren (- Note

that only the expansion part of children cells actively participate in the computation as
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Uyy =0 for any {0y}l(m.eo,; and {Hy}|{M5e0y}- For normal cells, we simply have

pggrent {9}|{M56€9}) = f(p?ifildren('))-
For arbitrary expansion factor @ > 1, we estimate the process by taking the lower and
upper closest integers of @ with probability p and (1 — p) respectively, where p = [a] —

a.

4.4.4 Age Dependent Cancer Risk

Our model can estimate cancer risk at any age (0 - 80 years) in a lifetime. Let t be any
time (in days) from 0 to the end of 80 years (80x365 = 29200 days), we can determine
the maximum number of stem cell divisions along with progenitor cell divisions for each
branch, up to time t.

In Section 4.1, we have determined the time point for each stem/progenitor generation,
ts(hs) , tp(hg,hp) and the  Dbirth/death time  for  terminal  cells,
tr(hg, hp,0) and t(hg, hp,1). Given time t, we can first determine the stem cell
generation hg such that tg(hg) <t < tg(hs + 1), then determine the progenitor cell
generations hp(hg) on branches hg = hs, hg — 1, -+ such that tp(hg, hp(hg)) <t <
tp(hg, hp(hg) + 1). With these approaches, we could determine the entire cell division
structure up to any given time t and then compute the cancer risk with our recursive
formula in Section 4.4.1, with the last generation stem, progenitor and terminal cells

treated as leaf cells.

4.5 General Mutation State Evolution
In Section 4.2 we described cell number evolution and homeostatic conditions without

differentiating cells by their mutation state. In this section we build algorithms to
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compute cell numbers of each mutation state at an arbitrary time t. In fact, similar to the
arguments in Section 4.2, we basically need to model the state transition from one cell
generation to the next; then cell numbers at any time t can be computed by aggregating
multiple piecewise constant quantities. We first build state transition in Section 4.5.1 and

later develop algorithms to include clonal expansion.

4.5.1 Cell Number Transition
We categorize cell division patterns into two classes: "renewal", where the daughter cell
has the same type (stem or progenitor) with its parent cell, and "differentiation", where
the daughter cell is the differentiated version of its parent. For example, stem cell can
differentiate to progenitor cells, which can further differentiate into terminal cells.
Let Ng(t(hg), 6,) be the number of stem cells at generation hg with mutation state 6,,
then their children at the next generation hg + 1 could be stem or progenitor cells with
several different mutation states. We model this process by two consecutive multinomial
distribution samplings.
First
{ns(ts(hs), Ox, D)} beprir2,a1,a2,rd,0)
~ Multinomial(NS(ts (hs), 65), {P bs (ts (hs))}lbe{rl,rZ,dl,dZ,rd,D})

where ng(ts(hg), 6, b) is the cells among Ng(ts(hg), 6,) that have action b. Then for the
next generation hg + 1, the number of daughter stem cells, including all possible
mutation states, as a result of self-renewal from N (ts(hy), 8,) is:

Ns(ts(hs +1),0.10,) = 2n5(ts(hs), 0y, 72) + ns(ts(hs), Oy, 71) + ng(ts(hs), Oy, 7d)
and similarly, the number of daughter progenitor cells, as a result of differentiation is

Np(tp(hs, 0),6.10,) = 2ng(ts(hs), Oy, d2) + ng(ts(hs), Oy, d1) + ng(ts(hs), 05, vd)
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Secondly,

{Ng(ts(hs + 1),0,16;)}y=0,-.31 ~ Multinomial(Ns(ts(hs + 1), 0.16), Uxyly=o...31)
where Ns(ts(hs + 1),t9y|9x) is the number of stem cells at generation hg + 1 with
mutation state 8, as a result of self-renewal from Ng(ts(hs), 8,), and U, is the transition

probability from 6, to 6,,. Similarly,

{Np(tp(hs, 0),6,16,)}y=0...31 ~ Multinomial(Np (tp (hs, 0), 6.16,), Usy |y =0,-.31)

Finally, we have

31

Ns(ts(hs + 10,600 = D N(ts(hs +1),6,16,)
z=0

and

31
Np(t (hs,0),6,) = ) Np(tp(hs, 0,646,
z=0
We can use the same arguments for progenitor cells at each branch and therefore we omit

its derivation here.

It is not hard to derive the transition in terms of expected cell numbers,

31 31

E[Ns(tsChs +1),00] = D E[NsesChs +1),0,16,) = > E[Ns(tshs +12,0.10,)] Uz
z=0 z=0

31
= Z E[2ns(ts(hs), 0,,72) + ns(ts(hs), 0,,71) + ng(ts(hs), 0, 7d) U,y
z=0
31
= Z E[Ns(ts(hs), 6,)1(2P5, (ts(hs)) + Prs1(ts(hs)) + Prsd(ts(hs)))sz
z=0
Similarly,
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E[Np(tp(hs,0),6,)]
31

= Z E[Ns(ts(hs), 6,)1(2PF, (ts(hs)) + P£1(ts(hs)) + Prsd(ts(hs)))sz
z=0

And for progenitor cell parents, we have for an arbitrary progenitor lineage branch hg:

E[Np(tp(hs, hy + 1),6,)]
31
= BN, (tp(hs, ), )1 2P (0 (s, ) + P (80, )
z=0

+ Pl (tp(hs, hp))) Uy
for terminal cell children:
E[Nr(tr(hs, hy,0),6,)]

31

= D EINa (£ (hs, ), 6.)1@PE e (hs, o)) + P (£ Ch, )

z=0
+ Pl (tp(hs, hp))) Uy
Using the same arguments in Section 4.2, we can obtain cell numbers at an arbitrary time

in a lifespan.

4.5.2 Clonal Expansion

Clonal expansion could break homeostasis with cell numbers continue to increase until
regulations take place. Cells with certain mutations that cause clonal expansion would
divide in a faster pace. Similar to the discussion in Section 4.4.3, assuming M; is the
mutation that causes cells to divide faster than normal by a factor of @ > 1, we can
model the cell number transition separately for cells with or without M5, according to the
diagram presented in Figure 19.
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Again, we define a mapping f,_5(): [0, 0]32 +— [0, ©]3? for the cell number transition
in 4.5.1 from parent cell A to children cell B with all 32 mutation states. For example, we
have fs_,s(E[Ng(ts(hg),6.)]) = E[Ns(ts(hs + 1), 6.)] following the equations in Section
4.5.1. We discuss stem cell transitions first with progenitor lineages following similar
arguments.

From generation hg to hg + 1, given an integer clonal expansion factor a, cells with Mg
. : : . :  ts(hg+1)—ts(hs) .
divide a times on average, at time points tg(hg(i)) £ tg(hg) + lw,l =

0,--,a — 1 assuming equal cell cycle time. At hg + 1, cells with Mg : Ng(ts(hs +
1),0|M; € 0) are the combinations of self-renewal from both normal cells at t(hg):
Ns(ts(hg),0|Ms & 0) and clonal expansion cells at tg(hg(a — 1)) : Ng(ts(hg(a —
1)),0|Ms € 0) . Therefore, E[Ns(ts(hg + 1),0|Ms € 0)] = fo_,s(E[Ns(ts(hs), 0|Ms &
O + & s(E[Ng(ts(hs), 8|Ms € 0)]) where f&¢(-) indicates applying the mapping
fsos(-) a times.

It is not hard to include progenitor cell branches independently from each stem cell (sub)
generations. For example, we can obtain the first-generation progenitor cells:
E[Np(tp(hs(i),0),0)] = fs_p(E[Ns(ts(hs(D), 0|Ms € 8)]) fori = 0,-+,a — 2.

Note that progenitor cells originated from stem sub-generation hg(a — 1) need to be
merged with those originated from normal stem cells at hg, so

E[Np(tp(hs, 0),0)] = foop(E[Ns(ts(hs), 0|Ms & 0)]) + fs_p(E[Ns(ts(hs(a —
1)),6|Ms € )])

Then we can use the same arguments for the evolution within each progenitor branch and

aggregate the cell numbers at each (sub) generation to an arbitrary time .
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4.6 The Contributions of Intrinsic and Extrinsic Factors

According to Tomasetti and Vogelstein [31] and their more recent work in 2017 [41],
significant cancer risk was due to intrinsic mutation acquisition while extrinsic factors
only have limited contributions to the cancer onset. However, according to our original
model, random mutation acquisition only accounts for a small portion of total cancer risk,
while extrinsic factors (such as environmental changes, smoking, radiation exposure, etc.)
are the major causes. Therefore, it is important to quantify the contribution of intrinsic
factors to cancer risk.

We use the number of accumulated driver mutations as a metric to evaluate contributions
to cancer risk since multi-stage mutation acquisition is the cause of cancer onset.

We assume a general lifespan of 80 years. At the end of age 80, we obtain the expected
number of cells of each type and mutation state, N (t, 6,.), Np (¢, 6,), Nz (t, 6,.) where t =
80x365 and x = 0---31 assuming 5 different driver mutations. For each mutation state
6,, we can easily obtain the number of mutations acquired as |6,| 2 X7, 0,[i]. For
example, mutation state "01011" has 3 mutations acquired and "00011" has 2 mutations,
etc. Therefore, the expected total number of mutations acquired is just

Moo = X320 16| (Ns(t, 6,) + Np(t, 6,) + N (t, 6,)).

If we only consider cancer cells, then

Mcancer = ?:10 |9x|(NS(t' Hx) 1{95 eex} + NP (t' Hx) 1{6P €60,} + NT(ti ex)l{eg;ncereex})'

cancer cancer

Suppose we have an intrinsic mutation rate is u;,, (normally between 107° t0107°), then
let M (u;,,) be the expected number of acquired mutations due to intrinsic risk. If we can

estimate a total mutation rate ., based on observed risk, then we can get M (i), the

M (Uint)

indicates
M (utotal)

expected number of mutations due to all factors. Then the ratio C;,; =
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the fraction of cancer risk due to intrinsic factors. In our study, we will use both M,,; and
M aneer to compute Ci,,,. Now we need to estimate total mutation rate u,,, given observed
risk R .

We also define the estimated excess mutation rate Ug,, = Uty — Uine 10 be the rate due to

non-intrinsic factors.

4.6.1 Estimating Total Mutation Rate

We need to find mutation rate u, such that the computed risk matches observed risk. It
is not feasible to directly estimate u,,, in our extended risk model due to non-linearity in
transition matrix, mutation effects and clonal expansion. Therefore, we use our original
stem cell model in Section 2.5.1 to provide an initial estimate.

In Section 2.5.1, we have a formula

m

PuCm) = D [1= (1= )" Po(0)

i=0
the probability that a stem cell at generation n has m mutations, where P,(m) = P[X,, =
m]. Note that here m mutations are required for a stem cell to become a cancer cell and
m is the absorbing state in the Markov evolution for P,(-). Let n; be the number of
symmetric stem divisions and n, = n — n, is the number of asymmetric divisions. The
theoretical lifetime cancer risk due to mutation rate u is R(u) = 1 — (1 — B,(m))?"*.

Assuming we start with one stem cell with no mutations so Py(i) = 1g—oy, and set

R(w) = Ry, then we have B,(m) =1— (1 — R(u))z_ = [1— (1 —u)™]™, therefore
the estimated total mutation rate is

A0 =1—[1—(1—(1—Rp)? H™™
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As mentioned in Section 4.4, our original model tends to over-estimate the theoretical
risk comparing to our extended risk model. In this case, the @i, computed from original
stem cell model would be underestimated. For cancer types with relatively long stem cell
lineages, such as Hepatocellular carcinoma, Acute myeloid leukemia and Colorectal
adenocarcinoma, etc, 112, usually provides a close estimate.

In addition, the extended risk model also includes progenitor cell lineages which accounts
for the majority of the cell population, though they contribute little to cancer risk as they
usually require more mutations for cancer onset. Therefore, with the above @il the
extended risk model will give a total risk close to or larger than the observed risk.

As we will see in the next chapter, clonal expansion has the most significant impact on
cancer risk. With clonal expansion, using the @i, above will yield a higher total risk
than the observed. Therefore, we can iteratively reduce i, in this case to reach a lower
bound or a close estimate for the total rate.

To estimate i, for our Extended Risk Model, we can either take an iterative approach
to provide a rough interval estimated with an upper/lower bound, or use binary search to
give an accurate estimate.

The way we tune i, for the first approach is by adjusting @i, = Uta1 — Uint aS the

M (Uint)

——T 35 an estimated
M(uint+uexc)

intrinsic rate should be fixed. In particular, we use C,,, =

intrinsic contribution when R (Ui, + Ueye) = Rops-

In cases where R(u, + #l.,.) is much larger than Ry, we use the interval estimate

[ C.L — M (Uint) AU M (Uint)
mnt M(uim+ﬁexc/2) ? Tt M(uint‘l'ﬁexc)

for C,, providing R Uiy + flexe/2) < Rops <

R (uypy + U,y ). Note that for some tissues with large number of stem divisions, we cannot
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guarantee that the interval C%, < C,,; however, if R(Ujy + fleye/2) is close to Ry, We
can still use CL, as a close estimate as C,,,. Alternatively, we could further use fl./4 as a

smaller external risk to find a lower bound.

On the other hand, in rare cases where R(uy + #.,.) is much smaller than R, and

fL o MOw)  pu M)
mt M(uint+aexc) 7t M(uint+2ﬁexc)

R(uint + ﬁexc) < Robs < R(uint + Zﬁexc): WC use [ ] as

an interval estimate.

In Section 4.6.2 we will also provide a heuristic lower/upper bound for cancer risk and
intrinsic fraction of contribution, using our original stem cell model.

As we will see in first part of Chapter 5, the above approach to estimate total/excess rate
based on observed risk cannot always guarantee accuracy. Therefore, we also use binary
search to find 1, and provide a much more accurate estimate of intrinsic fraction of
contribution.

Specifically, we can use fi_,,; estimated from original stem cell model as an initial value,
and then choose [#lj,y, thign] based on 20 . as an initial lower/upper bound for g, .

During binary search, we iteratively take the mean value @lyean Of gy, Unign; if the total

risk based on e, R(Umean) = Rops» then we take Uigig = Upean - Otherwise, if
R(Tpean) < Ry, then we update @y, = Upeans ON the other hand, if R (@,can) > Rops, WE
take Uypper = Umean-

The first approach is computational efficient but not as accurate as the binary search
algorithm. In Section 5.1, we will provide results for the 31 cancer types listed in
Tomasetti and Vogelstein [31] and provide estimated intrinsic contribution based on the
first tuning approach. In Section 5.2, we provide results for selected 18 organs similar to

Tomasetti et al.’s work in 2017 [41], with intrinsic contribution estimated based on
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binary search algorithm. We will see that binary search provides a more accurate estimate
and is very effective in longitudinal study, i.e. the cancer risk and intrinsic contribution at

each age.

4.6.2 Building Lower/Upper Bound Using the Original Stem Cell Model

We can use our original stem cell model to build lower and upper bounds for theoretical
risk and mutation contributions from intrinsic factors. The bounds can be used as a
validation of our extended risk model, as well as a heuristic interval estimated for the
intrinsic contribution C,.

Since the original model only considered stem cells, while ignoring all other cell
populations, it should already be a lower bound model that always underestimates the
cancer risk. But due to the assumption of independence, inherently we are assuming more
stem cell divisions during the symmetric division stage (see Section 4.4). Therefore, to

build the absolute lower model we take n; =nj — 1 = [logzNSf{ J, as the number of

symmetric stem divisions and keep n; the same as n;, where n; and n; are the numbers
of symmetric/asymmetric divisions for the extended risk model. Under this setting the
original stem cell model will always has less inherent total stem cell divisions than
extended risk model, therefore it will provide a lower bound for cancer risk.

We use the similar argument to build the upper bound model. We simply set n; =
[logzN H ], meaning that we assume all cells are stem cells (which is an extreme case).
This will provide us an absolute upper bound since stem cells requires less mutations for
cancer onset for all other cells, and this model gives larger inherent cell divisions than

extended risk model at any generation.
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In addition, the lower/upper bound models based on the original stem cell model can
provide approximate lower/upper bound for intrinsic contributions. Intuitively, since we
force the total risk from both LB and UB models to reach the same R, the lower bound
model indicates minimum intrinsic contribution, while the upper bound model gives the
maximum possible intrinsic contribution. Therefore, approximately the lower/upper
bound models will also provide lower/upper bound for intrinsic contribution from our
extended risk model, in cases where R (Ui, + Uey.) 1S close to R .

However, if R (U + flexe) > Ryps, i.6. we have a significantly over-estimated flo,., Cip
might be slightly smaller than the value provided by the lower bound model. In this case

we can tune i, as described in Section 4.6.1.
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In this chapter, we present analysis results on cancer risk, intrinsic contribution factors, as
well as the impact from mutation effects and clonal expansion for both 31 cancer types
listed in the supplementary material of Tomasetti and Vogelstein [31], and 18 selected
tissues similar to those in Tomasetti et al. [41], within an 80-year lifespan. The basic

configurations used in our study for the 31 cancer types and 18 tissues are listed in Tables

Chapter 5. Results and Discussions

3.1 and 3.2 below:

Table 3.1: Basic configurations used in our analysis for 31 cancer types (from Table S1 in [31]). We
list the cancer types in the same order as in [31], where R, denotes observed lifetime risk, N7 is the
total homeostatic number of cells, N¥ is the total homeostatic stem cell number, and n$, represents
number of asymmetric stem cell divisions which equals d (Number of divisions of each stem cell per

lifetime) in [31].

id cancer type Rys NH NY ns
1 Acute myeloid leukemia 0.0041 3.00E+12 1.35E+08 960
2 Basal cell carcinoma 0.3 1.80E+11 5.82E+09 608
3 Chronic lymphocytic leukemia 0.0052 3.00E+12 1.35E+08 960
4 Colorectal adenocarcinoma 0.048 3.00E+10 2.00E+08 5840
5 Colorectal adenocarcinoma with FAP 1 3.00E+10 2.00E+08 5840
6 Colorectal adenocarcinoma with Lynch 0.5 3 00E+10 2 00E+08 5340
syndrome
7 Duodenum adenocarcinoma 0.0003 6.80E+08 4.00E+06 1947
8 Duodenum adenocarcinoma with FAP 0.035 6.80E+08 4.00E+06 1947
9 Esophageal squamous cell carcinoma 0.001938 3.24E+09 8.64E+05 1390
10 Gallbladder non papillary adenocarcinoma 0.0028 1.60E+08 1.60E+06 47
11 Glioblastoma 0.00219 8.46E+10 1.35E+08 0
12 Head and neck squamous cell carcinoma 0.0138 1.67E+10 1.85E+07 1720
13 Head and neck squamous cell carcinoma with 0.07935 1.67E+10 1.85E407 1720
HPV-16

14 Hepatocellular carcinoma 0.0071 2.41E+11 3.01E+09 88
15 Hepatocellular carcinoma with HCV 0.071 2.41E+11 3.01E+09 88
16 Lung adenocarcinoma (nonsmokers) 0.0045 4.34E+11 1.22E+09 5.6
17 Lung adenocarcinoma (smokers) 0.081 4.34E+11 1.22E+09 5.6
18 Medulloblastoma 0.00011 8.50E+10 1.36E+08 0
19 Melanoma 0.0203 3.80E+09 3.80E+09 199
20 Osteosarcoma 0.00035 1.90E+09 4.18E+06 5
21 Osteosarcoma of the arms 0.00004 3.00E+08 6.50E+05 5
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22 Osteosarcoma of the head 0.0000302 3.90E+08 8.60E+05 5
23 Osteosarcoma of the legs 0.00022 7.20E+08 1.59E+06 5
24 Osteosarcoma of the pelvis 0.00003 2.00E+08 4.50E+05 5
25 Ovarian germ cell 0.000411 1.10E+07 1.10E+07 0
26 Pancreatic ductal adenocarcinoma 0.013589 1.67E+11 4.18E+09 80
27 Pancreatic endocrine (islet cell) carcinoma 0.000194 2.95E+09 7.40E+07 80
28 Small intestine adenocarcinoma 0.0007 1.70E+10 1.00E+08 2920
29 Testicular germ cell cancer 0.0037 2.16E+10 7.20E+06 463
30 Thyroid papillary/follicular carcinoma 0.01026 1.00E+10 6.50E+07 7
31 Thyroid medullary carcinoma 0.000324 1.00E+09 6.50E+06 7

Table 3.2: Basic configurations used in our analysis for selected 18 tissue types where National
Program of Cancer Registries (NPCR) age dependent risk data is available. We list the tissue types in
tissue id from 1 to 20 except 9 and 18 (to keep consistency), where R, denotes observed lifetime risk
which equals the average value of observed risk within U.S. according to NPCR, N is the total
homeostatic number of cells, N¥ is the total homeostatic stem cell number, and n represents
number of asymmetric stem cell divisions (Number of divisions of each stem cell per lifetime).

id tissue type Rys NH NY ns
1 Brain 6.11E-03 8.50E+10 1.36E+08 1.4
2 Thyroid medullary 1.98E-04 1.00E+09 6500000 7

3 Bone 9.02E-04 1.90E+09 4180000 5

4 Ovarian germ cell 2.82E-04 1.10E+07 1.10E+07 0

5 Esophageal 5.85E-03 3.24E+09 864000 1390
6 leukemia 1.21E-02 3.00E+12 1.35E+08 960
7 liver 6.71E-03 2.41E+11 3.01E+09 88
8 Testicular 3.84E-03 2.16E+10 7200000 463
10 Thyroid follicular 8.31E-03 1.00E+10 6.50E+07 7
11 Pancreatic 1.21E-02 1.70E+11 4.25E+09 80
12 Head & neck 1.62E-02 1.67E+10 18500000 1720
13 Melanoma 1.78E-02 3.80E+09 3.80E+09 199
14 Colon 4.55E-02 3.00E+10 2.00E+08 5840
15 Lung 8.09E-02 4.34E+11 1.22E+09 5.6
16 Breast 1.19E-01 6.80E+11 8.70E+09 345.5621302
17 Prostate 1.86E-01 3.00E+10 2.10E+08 240
19 Gallbladder 1.11E-03 1.60E+08 1600000 47
20 Small intestine 2.10E-03 1.70E+10 1.00E+08 2920
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In Section 5.1, we focus on the 31 cancer types in Table 3.1 and give their intrinsic risk,
intrinsic contribution to observed risk, computed from extended risk model under
different settings of parameters. In addition, we visualize the effect of certain mutation
effects such as mutation rate enlargement and clonal expansion, by displaying the
computed intrinsic risk for each age for hepatocellular carcinoma, whose age dependent
observed risk is readily available through SEER 1973-2012 database. The purpose of
Section 5.1 is to provide a preliminary and quick demonstration on how much
intrinsic/non-intrinsic factors contributes to overall cancer risk, and the impact of
different mutation effects on intrinsic risk.

In Section 5.2, we will use the selected 18 tissues in Table 3.2 for a more detailed study.
In particular, we will use binary search algorithm to accurately estimate a total mutation
rate corresponding to observed risk given by NPCR database, and then give an accurate
estimation of intrinsic contribution factor. In addition, we perform a longitudinal study on
the age-dependent risk and intrinsic contribution within an 80-year lifetime. Also, for
some tissues we also study the sensitivity of intrinsic risk with respect to the mutation

hits required for cancer onset.

5.1 Preliminary Study with 31 Cancer Types

5.1.1 Age Dependent Cancer Risk

It is commonly accepted that cancer risk could depend on age, for example, the
incidences of cancer increases faster after 40~50 years in a lifetime. The SEER 1973-
2012 database provided cancer incidences and cancer risk for 19 age groups (spanning
from 0 ~ 85) as well as each year from 0 to 85 of the US population. In this experiment,

we compare the cancer risk computed from our extended risk model and the SEER data.

78



Table 4 lists the SEER cancer incidence data for 19 age groups for
Hepatocellular carcinoma (Liver), and we use the ratio of cancer incidence count vs. the
population size as an average cancer risk for each age within the age group. Note that
though the table displays average incidence counts for each 5-year age group, we use the

incidence counts for each of 80 years, which is also available in SEER database.

Table 4: SEER (1973 - 2012) data for Hepatocellular carcinoma cancer risk for each age group.
Rates are per 100,000 and age-adjusted to the 2000 US Standard Population (19 age groups - Census
P25-1130) standard.

Age Group Rate Count Population
00 years 0 6 14,353,623
01-04 years 0 9 56,138,688
05-09 years 0 21 70,244,197
10-14 years 0.1 37 72,307,118
15-19 years 0.1 42 73,435,145
20-24 years 0.1 73 74,598,991
25-29 years 0.1 116 77,895,377
30-34 years 0.3 204 77,308,099
35-39 years 0.5 395 72,951,615
40-44 years 1.2 813 68,321,306
45-49 years 3.2 1,991 62,601,425
50-54 years 6.6 3,764 56,797,613
55-59 years 10.1 4,995 49,315,629
60-64 years 11.6 4,816 41,464,247
65-69 years 12.8 4,372 34,194,373
70-74 years 15.4 4,245 27,589,401
75-79 years 17 3,671 21,652,916
80-84 years 15.3 2,315 15,092,287
85+ years 11.2 1,450 12,976,530
Unknown ~ 0 0
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We now compute the cancer risk for each year (1 - 80) computed by our extended cancer
risk model and plot against the SEER data. Based on the data in supplementary material
of [31], Hepatocellular has totally 120 number of stem cell divisions, among which the
first 32 were considered symmetric divisions. The homeostatic total cell number is
2.41x10! and the stem cell number is 3.01x10°. Assuming the symmetric division
stage (tissue growth before maturing) takes ~40 weeks, then we could decide the normal
stem cell cycle time at each year. In later simulation on clonal expansion, cells with
certain driver mutation will have shorter cell cycle time. Note that the homeostatic cell
number is also used to determine the progenitor lineage length, which is 5 in our case
assuming equal cell cycle time. As for mutation acquisition, we consider five driver
mutations (M, M,, M5, M,, Mc); a stem cell needs (M5, M,, Ms) to become a cancer cell,
while a progenitor cell needs (M,, M3, M, Ms) , and a terminal cell needs
(My, M5, M3, M,, Mg) to form a cancer onset. We define mutation probability for 4
general types of transitions: stem - stem, stem - progenitor, progenitor - progenitor and
progenitor - terminal. In this our base intrinsic mutation rate were set to be 1x1078
unless otherwise noted.

Figure 19 illustrates the log10 scale cancer risk from SEER and our extended risk model
from age 1 to 80, with a set of different intrinsic mutation rates 1%x107°,5%x107°%, 1%

1078,5%x1078.
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Hepatocellular carcinoma
Cancer Risk (in Log10 Scale) vs. Age
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Figure 19: This figure shows the log scale cancer risk from SEER and our model from age 1 to 80. At
age 80, the observed SEER cancer risk is 0.001 while the computed cancer risks from our mode are
all below the observed risk, for mutation rates ranging from 1e-09 to Se-08. In addition, we can see
an overall trend of cancer risk is similar to SEER but the trend is different at both early age and
middle age. The observation indicates significant contribution from age dependent potential extrinsic
risk, such as alcohol, smoke, immune system, etc.

From Figure 19 we can see similar overall increasing trend with age for both theoretical
risk and observed risk, except that SEER has a higher rate of increasing after age 40 and a
higher relative risk at very early ages. This is a clear indication that age-varying extrinsic
risk, such as alcohol, smoke, immune system, would be a major factor for the age-

dependent patterns in cancer risk.

However, to quantify how much the contribution of intrinsic and extrinsic risks, we need
to first add enough flexibility into our experiment, such as clonal expansion and other
mutation effects.

As mentioned previously, our model integrates the impact of driver mutations on the

process of cell evolution as well as mutation acquisition. In the following we present
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results that incorporate the effect of enlarged mutation rate as well as clonal expansion.
This makes the model closer to the real dynamics of a tissue.

We assume driver mutation M, to be the one that increases mutation rate of descendant
cells. Varying the enlarging factor from 1 to 4, we observe that the cancer risk trend

curve simply shift upwards in log10 scale, as shown in Figure 20 below:

Hepatocellular carcinoma
Cancer Risk (in Log10 Scale) vs. Age
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Figure 20: This figure shows the log scale cancer risk from SEER and our model from age 1 to 80 by
varying the factor of mutation rate increase as an effect of certain mutations. The factor ranges from
1.0 (no effect) to 4.0. The baseline mutation rate was chosen to be 1e-08.

We see that this mutation effect increases the chance of cancer onset at each age at an
equal scale. However it does not significantly match closer to the shape of SEER curve,
therefore there must be additional factors that may contribute to the shift of cancer risk
increase at the middle age. Next, we will include the clonal expansion effect.

The factor of clonal expansion here is defined as how many more times a cell with certain
driver mutations will divide faster than the rest group of cells. Note that this effect can

break the tissue homeostasis, i.e. make the tissue size grow infinite large if without
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restriction. Therefore in reality there is a regulation mechanism. In here, once the cell size
grows to its homeostatic number, the clonal expansion will be regulated and cells return
to its normal division speed. Also it is reasonable to restrict that clonal expansion can
only occur after the symmetric stem division stage.

Figure 21 displays the cancer risk vs. age considering clonal expansion resulting from the
acquisition of mutation Ms. We see that a 2 or 3 fold clonal expansion would lead to the

overall increase of cancer risk.

Hepatocellular carcinoma
Cancer Risk (in Log10 Scale) vs. Age
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Figure 21: This figure shows the log10 scale cancer risk from SEER and our model from age 1 to 80
by varying the factor of clonal expansion. The factor ranges from 1.0 (no effect) to 3.0. The baseline
mutation rate was chosen to be 1e-08. In here we restrict the clonal expansion to be effective only
after 40 weeks, when homeostasis is approximately achieved. We see that a 2 or 3 fold clonal
expansion would lead to increase of cancer risk but the overall risk is still well below the observed
risk from SEER. This figure again indicates the potential contribution from extrinsic factors.

We can also see that the cancer risk grows slightly faster with clonal expansion and the

overall risk is still far below the level in SEER data.
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In Figure 22 we can visualize the combined effect of mutation rate enlargement and
clonal expansion. The increasing combined effects would lead to increase of cancer risk
but the overall risk is still well below the observed risk from SEER. In addition, the
discrepancy in the rate of cancer risk increase after age 40 also indicates fundamental

extrinsic influence.
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Figure 22: This figure shows the log10 scale cancer risk from SEER and our model from age 1 to 80
by varying the factor of both increasing mutation rate and clonal expansion. The mutation rate
increase factor (emr) ranges from 1.0 (no effect) to 4.0 and the clonal expansion factor (fd) ranges
from 1.0 to 3.0. The baseline mutation rate was chosen to be 1e-08. In here we restrict the clonal
expansion to be effective only after 40 weeks, when homeostasis is approximately achieved. We see
that the increasing combined effects would lead to increase of cancer risk but the overall risk is still
well below the observed risk from SEER. This figure again indicates the potential contribution from
extrinsic factors.
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5.1.2 Intrinsic Risk and Intrinsic Contribution

In this section, we will provide results about intrinsic contribution as discussed in Section
4.6, for 31 cancer types by Tomasetti and Vogelstein [31]. We will give the lifetime
contribution percentage based on our extended model with estimated excess mutation
rate, along with the lower/upper bound from original stem cell model (Section 4.6.2).
Many parameters for our model, such as intrinsic mutation rate and mutation effects,
were not precisely predetermined; therefore, we need to provide different parameter
settings in following sections to obtain a reasonable range/sensitivity for the intrinsic
contributions.

In each subsection below, we will provide two tables for each set of parameter
configurations. The first table gives the estimated excess mutation rate i, along with
intrinsic and total estimated cancer risk from our extended risk model, as a reference to
see how whether 1, could be a close estimate or serve as a lower bound. In cases where
Ul 1s highly overestimated, we provide the results with .,,/2 because we need to
ensure the intrinsic contribution is not underestimated to obtain a reliable conclusion. The
second table gives the corresponding intrinsic contribution percentage values. Note that it
is important to interpret the results using both tables as a pair as the first table usually
marks some special occasions that might lead to a misleading conclusion if not

considered.
5.1.2.1 Intrinsic Mutation Rate

According to most literatures the intrinsic mutation rate should be fall between

M) — 1078 and

107°~107%. In our setting, we use two different mutation rates, U,

ui(nzt) = 1077as an intrinsic rate greater than 107° will give unreasonably large intrinsic
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risk (sometimes close to 1.0). We currently do not consider any mutation effects and

clonal expansion, which will be discussed later.

Table 5: Estimated excess mutation rate, total risk and intrinsic risk for selected cancer types with

two settings of intrinsic mutation rate u =108 and u® = 1077. R, is the observed risk,

int int
=) ~(2) (€] ()

Ugyor Uy represent estimated excess rate with intrinsic rate settings u, ° and u, & respectively.

Similarly, Ry, and R;, represent estimated total risk (from mutation rate u;,, + il.,c), and intrinsic
risk (from mutation rate u;,).

Note:

*1. In cases where Ry, is much higher than R, with originally estimated ..., we take i, /2
instead.

*2, In cases where R, is already bigger than R, which usually occurs for tissues with very long
stem lineages, we could have a negative . This indicates only a smaller intrinsic mutation rate
could be reasonable and therefore we ignore the interpretations for this situation.

*3. This is a special case where observed risk is 1.0, in which our algorithm for estimation i, does
not apply.

PYE)) PYO) PYEY) D) PYO) PYO)
id cancer type Rops Ry gial Ry geal Uexc Uexc Ry Ry
1 Acute myeloid leukemia | 4.10E-03 | 1.26E-03 | 3.42E-03 | 1.21E-07" 7.57E-08"" 2.91E-07 5.12E-04
2 Basal cell carcinoma | 3.00E-01 | 2.92E-01 | 2.92E-01 | 5.30E-07 4.40E-07 2.26E-06 2.22E-03
3 Chronic lymphocytic | 5 5,5 03 | | 63803 | 4.158-03 | 131E-07" | 8.61E-08" 2.91E-07 5.12E-04
leukemia
4 Colorectal 4.80E-02 | 5.04E-02 | 5.04E-02 | 8.68E-08 | -3.18E-09 | 5.45E-05 5.54E-02
adenocarcinoma
Colorectal
5 | adenocarcinoma with 1'083?*0 I'O%E“’ 1.00E+00 | 1.00E+00 | 1.00E+00 | 545E-05 | 5.54E-02
FAP
7 Duodenum 3.00E-04 | 3.12E-04 | 3.12E-04 | 2.01E-07 1.11E-07 3.21E-08 3.26E-05
adenocarcinoma
Gallbladder non
10 papillary 2.80E-03 | 2.91E-03 | 2.91E-03 | 1.62E-05 1.61E-05 6.44E-13 6.42E-10
adenocarcinoma
14 Hepatocellular 7.10E-03 | 6.13E-03 | 6.13E-03 | 9.77E-07 8.87E-07 7.16E-09 7.04E-06
carcinoma
15 Hepatocellular 7.10E-02 | 5.90E-02 | 5.90E-02 | 2.14E-06 2.05E-06 7.16E-09 7.04E-06
carcinoma with HCV
16 | Lungadenocarcinoma |, 550 o3 | §61E 03 | 1.61E-03 | 3.55B-06 3.46E-06 4.55E-11 4.32E-08
(nonsmokers)
17 | Lungadenocarcinoma | ¢ 15p 05 | 5 67E02 | 2.67E-02 | 9.44E-06 9.35E-06 4.55E-11 4.32E-08
(smokers)
19 Melanoma 2.03E-02 | 1.87E-02 | 1.87E-02 | 7.19E-07 6.29E-07 5.24E-08 5.17E-05
20 Osteosarcoma 3.50E-04 | 2.45E-04 | 2.45E-04 | 1.62E-05 1.61E-05 4.85E-14 4.83E-11
21 OSte(’Sa;;‘;Ta ofthe |4 00E-05 | 2.98E-05 | 2.98E-05 | 135E-05 1.34E-05 1.02E-14 1.02E-11
22 OSte(’Saﬁ‘;‘;a ofthe | 3 oE 05 | 221E-05 | 2.21E-05 | 123E-05 1.22E-05 1.02E-14 1.02E-11
23 OSte°Sa‘iZ‘;?a ofthe | ) 20E-04 | 1.66E-04 | 1.66E-04 | 181E-05 1.80E-05 2.22E-14 2.22E-11
24 OSte(’Sal‘;gﬁEa ofthe | 3 00E-05 | 2.43E-05 | 2.43E-05 | 1.60E-05 1.60E-05 4.62E-15 4.63E-12
26 Pancreatic ductal 1.36E-02 | 1.14E-02 | 1.14E-02 | 1.30E-06 1.21E-06 5.79E-09 5.68E-06
adenocarcinoma
27 Pancreatic endocrine |y o4p o4 | | 83504 | 1.83E-04 | 1.05B-06 9.57E-07 1.61E-10 1.59E-07
(islet cell) carcinoma
Thyroid
30 papillary/follicular 1.03E-02 | 5.08E-03 | 5.08E-03 | 1.62E-05 1.61E-05 1.46E-12 1.42E-09
carcinoma
31 Thyroid medullary 324E-04 | 1.94E-04 | 1.94E-04 | 1.13E-05 1.12E-05 1.48E-13 1.46E-10
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Table 6: Estimated intrinsic contribution percentage for selected cancer types with two settings of
intrinsic mutation rate u'”) = 10~ and u* = 10~7. "Ci, all cells" gives the estimated intrinsic

int int
contribution based on the ratio of number of acquired mutations among all cells due to u;y,; vs.
(Uine + Uexe), While "C;,¢ cancer cells" gives the same quantity considering only cancer cells, i.e. those
cells acquired sufficient types of driver mutations for cancer onset.
Note:
*]1. In cases where R, is already bigger than R, which usually occurs for tissues with very long
stem lineages, we could have an intrinsic contribution larger than 100%. This indicates only a
smaller intrinsic mutation rate could be reasonable and therefore we ignore the interpretations for
this situation.

id | cancer type fi(:l) all cells fi(:l) all cells fi(:l) cancer cells fi(:l) cancer cells
1 Acute myeloid leukemia 7.65% 56.92% 0.01% 12.17%
2 Basal cell carcinoma 1.85% 18.50% 0.00% 0.63%
3 Chronic lymphocytic leukemia 7.09% 53.74% 0.01% 9.79%
4 | Colorectal adenocarcinoma 10.32% 103.28%"" 0.10% 110.48%""
5 Colorectal adenocarcinoma with FAP 0.00% 0.02% 0.00% 0.00%
7 Duodenum adenocarcinoma 4.74% 47.41% 0.01% 10.30%
10 | Gallbladder non papillary adenocarcinoma | 0.06% 0.62% 0.00% 0.00%
14 | Hepatocellular carcinoma 1.01% 10.13% 0.00% 0.10%
15 | Hepatocellular carcinoma with HCV 0.47% 4.65% 0.00% 0.01%
16 | Lung adenocarcinoma (nonsmokers) 0.28% 2.81% 0.00% 0.00%
17 | Lung adenocarcinoma (smokers) 0.11% 1.06% 0.00% 0.00%
19 | Melanoma 1.37% 13.72% 0.00% 0.26%
20 | Osteosarcoma 0.06% 0.62% 0.00% 0.00%
21 | Osteosarcoma of the arms 0.07% 0.74% 0.00% 0.00%
22 | Osteosarcoma of the head 0.08% 0.82% 0.00% 0.00%
23 | Osteosarcoma of the legs 0.06% 0.55% 0.00% 0.00%
24 | Osteosarcoma of the pelvis 0.06% 0.62% 0.00% 0.00%
26 | Pancreatic ductal adenocarcinoma 0.76% 7.61% 0.00% 0.04%
27 | Pancreatic endocrine (islet cell) carcinoma | 0.95% 9.46% 0.00% 0.08%
30 | Thyroid papillary/follicular carcinoma 0.06% 0.62% 0.00% 0.00%
31 | Thyroid medullary carcinoma 0.09% 0.89% 0.00% 0.00%

From Tables 5 and 6, we see for the majority of cancer types under both intrinsic
mutation rates, the percentage of intrinsic contributions are very small. When we have a
larger mutation rate 1077, the intrinsic contribution from all cells appears significant in

tissues with long stem cell lineages such as bone marrow, colon and duodenum, etc.
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However, the real intrinsic contributions in this case are very likely to be overestimated
for three reasons. First, the predetermined intrinsic rate could be unreasonably higher
than reality, for example, for Colorectal adenocarcinoma, the theoretical intrinsic risk is
greater than observed risk under u;,, = 10”7 which means a smaller u;, is more valid.
Second, one tissue have very different observed risks for different cancer types or
different environmental conditions, such as colon and liver, which indicates significant
non-intrinsic contribution [31]. Finally, the intrinsic contribution percentage with only
cancer cells is a far more valid indicator comparing to that including all cells, because the
former one is directly correlated to cancer onset. For example, a tissue could have many
stem cells with 1 or 2 driver mutations under intrinsic and total rate both, but these cells
does not contribute to the risk of cancer; also it is much easier for a stem cell to acquire
just 1 mutations than 3 under small mutation rate, therefore the computed intrinsic
contribution from all cells has an "offset effect" and thus tends to be larger. In this and all
following experiments, we use C;,, from only cancer cells as a primary indicator.

5.1.2.2 Mutation Effects Factors

We compare the results with and without the mutation effect that causes increased
mutation rate. We assume any cell with mutation M, will have higher rate, aXu of
acquiring additional mutations, where u is the initial mutation rate and « is the factor of
enlargement. We compare the results with ¢ = 1 (no effect) and a = 2.

In this experiment, we will not include clonal expansion effects, but will provide results
under both mutation rates of 1078 and 1077.

Tables 7/8 below provide the results under intrinsic mutation rate 1078, and Tables 9/10

provide the results under intrinsic mutation rate 10~7.
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Table 7: Estimated excess mutation rate, total risk and intrinsic risk for selected cancer types with
two settings of mutation rate enlargement (as an effect of mutation M,) factor a) = 1 and a® = 2.
We use intrinsic mutation rate 1078,

R, is the observed risk, ﬁgit),ﬁgt)
Similarly, Ry, and R;, represent estimated total risk (from mutation rate u;,, + il.,.), and intrinsic
risk (from mutation rate u;,).

Note:

*1. In cases where R,,, is much higher than R with originally estimated i, we take T /2
instead.

*2. This is a special case where observed risk is 1.0, in which our algorithm for estimation %, does

represent estimated excess rate with two settings respectively.

not apply.

PYE)) PYO)) PYE) PNE) PYO)) PYO)
id cancer type Rops Ry gial Ry geal Uexe Uexe Ry Ry
1 Acute myeloid leukemia | 4.10E-03 | 1.26E-03 | 1.37E-03 | 1.21E-07" 1.21E-07" 2.91E-07 7.13E-07
2 Basal cell carcinoma | 3.00E-01 | 2.92E-01 | 2.96E-01 | 5.30E-07 5.30E-07 2.26E-06 5.26E-06
3 Chronic lymphocytic | 5 »or 03| | 636-03 | 1.76E-03 | 131E-07" | 131E-07" 2.91E-07 7.13E-07
leukemia
4 Colorectal 4.80E-02 | 5.04E-02 | 5.57E-02 | 8.68E-08 8.68E-08 5.45E-05 1.27E-04
adenocarcinoma
Colorectal
5 | adenocarcinoma with 1'0(?5*0 I'O%E“’ 1.00E+00 | 1.00E+00 | 1.00E+00 | 545E-05 1.27E-04
FAP
7 Duodenum 3.00E-04 | 3.12E-04 | 3.27E-04 | 2.01E-07 2.01E-07 3.21E-08 7 49E-08
adenocarcinoma
Gallbladder non
10 papillary 2.80E-03 | 2.91E-03 | 2.91E-03 | 1.62E-05 1.62E-05 6.44E-13 1.49E-12
adenocarcinoma
14 Hepatocellular 7.10E-03 | 6.13E-03 | 6.19E-03 | 9.77E-07 9.77E-07 7.16E-09 1.66E-08
carcinoma
15 Hepatocellular 7.10E-02 | 5.90E-02 | 5.92E-02 | 2.14E-06 2.14E-06 7.16E-09 1.66E-08
carcinoma with HCV
16 | Dungadenocarcinoma | 5o o4 | 6103 | 1.62B-03 | 3.55B-06 3.55E-06 4.55E-11 1.04E-10
(nonsmokers)
17 | Lungadenocarcinoma | ¢ 1op o5 | 5 67E02 | 2.67E-02 | 9.44E-06 9.44E-06 4.55E-11 1.04E-10
(smokers)
19 Melanoma 2.03E-02 | 1.87E-02 | 1.89E-02 | 7.19E-07 7.19E-07 5.24E-08 1.22E-07
20 Osteosarcoma 3.50E-04 | 2.45E-04 | 2.45E-04 | 1.62E-05 1.62E-05 4.85E-14 1.11E-13
21 OSte(’Sa;j;Ta ofthe |4 00E-05 | 2.98E-05 | 2.99E-05 | 135E-05 1.35E-05 1.02E-14 2.32E-14
22 OSte(’Sa{;‘;‘;a ofthe | 3 oE 05 | 221E-05 | 2.22E-05 | 123E-05 1.23E-05 1.02E-14 2.32E-14
23 OSte(’SarlZ‘;‘;la ofthe | 5 )0E-04 | 1.66E-04 | 1.66E-04 | 1.81E-05 1.81E-05 2.22E-14 5.09E-14
24 OSte"S‘ggl‘)V‘ga ofthe | 3 00E-05 | 2.436-05 | 2.43E-05 | 1.60E-05 1.60E-05 4.62E-15 1.06E-14
26 Pancreatic ductal 1.36E-02 | 1.14E-02 | 1.15E-02 | 1.30E-06 1.30E-06 5.79E-09 1.34E-08
adenocarcinoma
27 Pancreatic endocrine |y o4p 4 | | 83504 | 1.85E-04 | 1.05B-06 1.05E-06 1.61E-10 3.73E-10
(islet cell) carcinoma
Thyroid
30 papillary/follicular 1.03E-02 | 5.08E-03 | 5.08E-03 | 1.62E-05 1.62E-05 1.46E-12 3.35E-12
carcinoma
31 Thyroid medullary 324E-04 | 1.94E-04 | 1.95E-04 | 1.13E-05 1.13E-05 1.48E-13 3.38E-13
carcinoma
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Table 8: Estimated intrinsic contribution percentage for selected cancer types with two settings of
mutation rate enlargement (as an effect of mutation M,) factor a® =1 and a® = 2. We use
intrinsic mutation rate 1078,

"C;, all cells" gives the estimated intrinsic contribution based on the ratio of number of acquired
mutations among all cells due to Wy vS. (Ui + Ueyc), While " C;, cancer cells" gives the same
quantity considering only cancer cells, i.e. those cells acquired sufficient types of driver mutations for
cancer onset.

Note:

*1. We list the values in the format of scientific numbers as all of them are below 0.01%

id | cancer type fi(:l) all cells fi(:l) all cells fi(:l) cancer cells” ' fi(:l) cancer cells”'
1 | Acute myeloid leukemia 7.65% 7.65% 1.43E-04 3.33E-04
2 | Basal cell carcinoma 1.85% 1.85% 6.26E-06 1.43E-05
3 | Chronic lymphocytic leukemia 7.09% 7.09% 1.08E-04 2.52E-04
4 | Colorectal adenocarcinoma 10.32% 10.32% 1.02E-03 2.14E-03
5 | Colorectal adenocarcinoma with FAP 0.00% 0.00% 9.99E-16 2.22E-15
7 Duodenum adenocarcinoma 4.74% 4.74% 1.00E-04 2.23E-04
10 | Gallbladder non papillary adenocarcinoma | 0.06% 0.06% 1.98E-10 4.58E-10
14 | Hepatocellular carcinoma 1.01% 1.01% 1.03E-06 2.37E-06
15 | Hepatocellular carcinoma with HCV 0.47% 0.47% 9.86E-08 2.28E-07
16 | Lung adenocarcinoma (nonsmokers) 0.28% 0.28% 2.20E-08 5.02E-08
17 | Lung adenocarcinoma (smokers) 0.11% 0.11% L.15E-09 2.64E-09
19 | Melanoma 1.37% 1.37% 2.58E-06 5.92E-06
20 | Osteosarcoma 0.06% 0.06% 2.32E-10 5.28E-10
21 | Osteosarcoma of the arms 0.07% 0.07% 4.05E-10 9.18E-10
22 | Osteosarcoma of the head 0.08% 0.08% 5.37E-10 1.22E-09
23 | Osteosarcoma of the legs 0.06% 0.06% L61E-10 3.66E-10
24 | Osteosarcoma of the pelvis 0.06% 0.06% 2.38E-10 5.40E-10
26 | Pancreatic ductal adenocarcinoma 0.76% 0.76% 4.38E-07 1.O1E-06
27 | Pancreatic endocrine (islet cell) carcinoma | 0.95% 0.95% 8.44E-07 1.94E-06
30 | Thyroid papillary/follicular carcinoma 0.06% 0.06% 2.16E-10 4.95E-10
31 | Thyroid medullary carcinoma 0.09% 0.09% 6.65E-10 1.52E-09

In our implementation of mutation rate enlargement effect, we restrict this effect to only
influence intrinsic mutation rate. For example, cells with M, could have an intrinsic
mutation rate 2u;,, and the total rate 2u;,; + u.,., as excess rate can only be altered due to

possible changes in non-intrinsic factors. We can see an obvious demonstration in Table

7, where ﬁi(nzt) for each cancer type is nearly twice as ﬁi(nlt), while I?t(oztzl is only slightly
bigger than ﬁt(oltzl as 1., dominates the rate.
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In Table 8, we noticed that C,,, from total cells appears no difference under two
conditions, @ = 1 and a = 2. In fact the total numbers of mutations under two conditions
are very close and non-differentiable under ordinary precision. Since intrinsic rate are
very small, it is very unlikely that a cell will acquire > 2 extra mutations even with
mutation rate doubled. In addition, cells without M, should be on average 1/u;,; times of
cells with M,. Also due to the fact that we do not count duplicated mutations, i.e. if a cell
acquires the same mutation multiple times, we only count as one. Therefore on average,
the total number of mutations will only have a slight difference.

On the other hand, C,,, from cancer cells under & = 2 is significantly larger (almost two
fold) than the quantity at @ = 1, though most of them both are very small. This is because
we are enforcing a condition that the cells have already acquired requested set of
mutations. In our case M, is among the set of required driver mutations for cancer onset
for all cell types: stem, progenitor and terminal cells. Therefore for the small population
of cancer cells, the change of acquiring new mutations is nearly doubled, which explains
the significant change in C,,. This means that the mechanism of mutation effect actually
increases intrinsic factor contributions, assuming constant non-intrinsic influence.

We list the same results for intrinsic rate 10~7 in Tables 9 and 10 below:
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Table 9: Estimated excess mutation rate, total risk and intrinsic risk for selected cancer types with
two settings of mutation rate enlargement (as an effect of mutation M,) factor a” = 1 and a® = 2.
We use intrinsic mutation rate 1077,

R, is the observed risk, ﬁﬁl@, aﬁfﬂ represent estimated excess rate with two settings respectively.
Similarly, Ry, and R,, represent estimated total risk (from mutation rate u;, + ), and intrinsic
risk (from mutation rate u;,).

Note:

*1. In cases where R, is much higher than R, with originally estimated i,,., we take il,,./2
instead.

*2. This is a special case where observed risk is 1.0, in which our algorithm for estimation %, does
not apply.

*3, In cases where R, is already bigger than R, which usually occurs for tissues with very long
stem lineages, we could have a negative 4,,.. This indicates only a smaller intrinsic mutation rate
could be reasonable and therefore we ignore the interpretations for this situation.

i PYO) P O) peey) NG PYO) @)
id cancer type Rops Ry oial R geal Uexe Uexc Ry Ry
1 | Acute myeloid leukemia | 4.10E-03 | 3.42E-03 | 5.97E-03 | 7.57E-08" | 7.57E-08" 5.12E-04 1.32E-03
2 Basal cell carcinoma | 3.00E-01 | 2.92E-01 | 3.38E-01 | 4.40B-07 4.40E-07 2.22E-03 5.13E-03
3 | Chroniclymphoeytic | 5 oop 03 | 415503 | 7.02E-03 | 8.61E-08" | 861E-08" | S12E-04 | 132E-03
leukemia
4 Colorectal 4.80E-02 | 5.04E-02 | 1.19E-01 | -3.18E-09” | -3.18E-09” | 5.54E-02 | 1.27E-01
adenocarcinoma
Colorectal
5 | adenocarcinoma with 1'0(())5*0 I'O%E“’ 1.00E+00 | 1.00E+00 | 1.00E+00 | 5.54E-02 | 127E-01
FAP
7 Duodenum 3.00E-04 | 3.12E-04 | 2.22E-04 | LIIE-07 | 5.54E-08" | 3.26E-05 | 7.67E-05
adenocarcinoma
Gallbladder non
10 papillary 2.80B-03 | 2.91E-03 | 2.93B-03 | 1.61E-05 1.61E-05 6.42B-10 1.48E-09
adenocarcinoma
14 Hepatocellular 7.10E-03 | 6.13E-03 | 6.74E-03 | 8.87E-07 | 8.87E-07 | 7.04E-06 | 1.62E-05
carcinoma
15 Hepatocellular 7.10E-02 | 5.90E-02 | 6.16E-02 | 2.05E-06 2.05E-06 7.04E-06 1.62E-05
carcinoma with HCV
16 | Lungadenocarcinoma | 4sop o3 | 61E03 | 1.65E-03 | 3.46E-06 | 3.46E-06 | 432E-08 | 9.80E-08
(nonsmokers)
17 | Tungadenocarcinoma | g 10p 05 | 567602 | 2.69E-02 | 9.35E-06 | 9.35E-06 | 432E-08 | 9.80E-08
(smokers)
19 Melanoma 2.03B-02 | 1.87E-02 | 2.13B-02 | 6.29E-07 6.29B-07 5.17E-05 1.19E-04
20 Osteosarcoma 3.50B-04 | 2.45E-04 | 2.46B-04 | 1.61E-05 1.61E-05 4.83E-11 1.10E-10
21 OSte(’Sa;;‘;“;a ofthe | 4 00E-05 | 2.98E-05 | 3.01E-05 | 1.34E-05 1.34E-05 1.02E-11 2.32E-11
22 OSte(’Saﬁ‘;‘;ﬁ ofthe | 3 07E 05 | 221E-05 | 2.23E-05 | 1.22E-05 1.22E-05 1.02E-11 2.32E-11
23 OSte"”‘iZ‘;‘;” ofthe | 5 20E-04 | 1.66E-04 | 1.676-04 | 1.80E-05 1.80E-05 2.22E-11 5.08E-11
24 OSte(’SaggﬁEa ofthe | 3 00E-05 | 2.436-05 | 2.45E-05 | 1.60E-05 1.60E-05 4.63E-12 1.06E-11
26 Pancreatic ductal 1.36B-02 | 1.14E-02 | 1.22B-02 | 1.21E-06 1.21E-06 5.68E-06 1.31E-05
adenocarcinoma
g7 | Panereaticendocrine -y o4p 04 |y 83504 | 20104 | 957E-07 | 9.57E-07 1.59E-07 | 3.69E-07
(islet cell) carcinoma
Thyroid
30 papillary/follicular 1.03B-02 | 5.08E-03 | 5.11B-03 | 1.61E-05 1.61E-05 1.42E-09 3.24E-09
carcinoma
Thyroid medullary
31 \ 324B-04 | 1.94E-04 | 1.96B-04 | 1.12E-05 1.12E-05 1.46E-10 3.33E-10
carcinoma
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Table 10: Estimated intrinsic contribution percentage for selected cancer types with two settings of
mutation rate enlargement (as an effect of mutation M,) factor a® =1 and a® = 2. We use
intrinsic mutation rate 1077,

"C;, all cells" gives the estimated intrinsic contribution based on the ratio of number of acquired
mutations among all cells due to W VSs. (Ujpe + Ueyc), While " C;, cancer cells" gives the same
quantity considering only cancer cells, i.e. those cells acquired sufficient types of driver mutations for
cancer onset.

Note:

*]1. In cases where R, is already bigger than R, which usually occurs for tissues with very long
stem lineages, we could have an intrinsic contribution larger than 100%. This indicates only a
smaller intrinsic mutation rate could be reasonable and therefore we ignore the interpretations for
this situation.

id | cancer type Z‘i(:l) all cells Z'i(:l) all cells Z‘i(:l) cancer cells Z'i(:l) cancer cells
1 Acute myeloid leukemia 56.92% 56.92% 12.17% 19.03%
2 Basal cell carcinoma 18.50% 18.50% 0.63% 1.22%
3 Chronic lymphocytic leukemia 53.74% 53.74% 9.79% 15.87%
4 | Colorectal adenocarcinoma 103.28%"" 103.28%"" 110.48%"" 107.90%""
5 Colorectal adenocarcinoma with FAP 0.02% 0.02% 0.00% 0.00%
7 Duodenum adenocarcinoma 47.41% 64.32% 10.30% 3431%
10 | Gallbladder non papillary adenocarcinoma | 0.62% 0.62% 0.00% 0.00%
14 | Hepatocellular carcinoma 10.13% 10.13% 0.10% 0.22%
15 | Hepatocellular carcinoma with HCV 4.65% 4.65% 0.01% 0.02%
16 | Lung adenocarcinoma (nonsmokers) 2.81% 2.81% 0.00% 0.00%
17 | Lung adenocarcinoma (smokers) 1.06% 1.06% 0.00% 0.00%
19 | Melanoma 13.72% 13.72% 0.26% 0.53%
20 | Osteosarcoma 0.62% 0.62% 0.00% 0.00%
21 | Osteosarcoma of the arms 0.74% 0.74% 0.00% 0.00%
22 | Osteosarcoma of the head 0.82% 0.82% 0.00% 0.00%
23 | Osteosarcoma of the legs 0.55% 0.55% 0.00% 0.00%
24 | Osteosarcoma of the pelvis 0.62% 0.62% 0.00% 0.00%
26 | Pancreatic ductal adenocarcinoma 7.61% 7.61% 0.04% 0.09%
27 | Pancreatic endocrine (islet cell) carcinoma | 9.46% 9.46% 0.08% 0.18%
30 | Thyroid papillary/follicular carcinoma 0.62% 0.62% 0.00% 0.00%
31 | Thyroid medullary carcinoma 0.89% 0.89% 0.00% 0.00%

Again, we see from Table 10 that C,, from all cells displays no difference between two
conditions while C,,, from only cancer cells nearly doubled when applying mutation rate
enlargement effect. We see that C,,, from only cancer cells is below 10% for most cancer

types; the largest intrinsic contribution here is 34.31% for Duodenum adenocarcinoma
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with mutation enlargement effect. Again, under this parameter setting most of the cancer

risk should be due to non-intrinsic factors.

5.1.2.3 Clonal Expansion Factors

A very typical characteristic in the process of cancer development is clonal expansion, in
which certain mutations could give the cell the ability to divide faster and expand in
population. Clonal expansion expedites mutation acquisition and therefore increases the
chance of cancer onset.

We assume any cell with Mg divide faster by a factor of @ than otherwise. In our
experiment, we restrict the clonal expansion effect to take place only after stem cell
symmetric division stage (the first 40 weeks on average). To incorporate the regulation
procedure, once the total cell number grows larger than the homeostatic cell number, we
stop the clonal expansion. Since the regulation mechanism is hardly well defined, we will
remove the regulation effect based on total cell population in Section 5.2, to see the
maximum possible intrinsic risk and contribution under certain clonal expansion factors.
We compare the results with ¥ (no clonal expansion) and y = 2 with all other parameter
configurations considering different intrinsic mutation rates 1078 and 10~7, mutation
rate enlargement factor @ = 1 and @ = 2. We summarize the results in Tables 11 - 18
below.

Tables 11 and 12 provide the results with intrinsic mutation rate 10~8 and mutation

enlargement factor 1.

94



Table 11: Estimated excess mutation rate, total risk and intrinsic risk for selected cancer types with
two settings of clonal expansion (as an effect of mutation M) factor y¥ = 1 and y® = 2.

We use intrinsic mutation rate 10~8 and mutation enlargement factor 1.

R, is the observed risk, ﬁﬁi@, ﬁgg represent estimated excess rate with two settings respectively.
Similarly, Ry, and R;, represent estimated total risk (from mutation rate u;,, + il.,.), and intrinsic
risk (from mutation rate u;,).

Note:

*1. In cases where R,,, is much higher than R with originally estimated i, we take T./2
instead.

*2. This is a special case where observed risk is 1.0, in which our algorithm for estimation ,,, does
not apply.

*3, In cases where R, is much higher than R, with originally estimated i,,; and even with /2
taken as excess rate, R, is still ~ 2 times larger than R,,,, we mark these particular cancer
types/settings and use the intrinsic contribution values just as a reference but not solid evidence for
making conclusions.

; =M @ PNGY NP PG =@
id cancer type Rops Riotal Riotal Uyt Uy R Rie
I | Acute myeloid leukemia | 4.10E-03 | | 0236315‘ ! (33%]?' 1.21E-07 121E-07 | 291E-07 | 3.38E-05
2 Basal cell carcinoma 3.00E-01 | 2.92E-01 1'(;)1§]15- 5.30E-07 2.65E-07 2.26E-06 5.26E-06
3 | Chroniclymphoeytic | g ,p o3 | 1O3E- | 2.19E- | 51p o 131E-07 291E-07 | 3.38E-05
leukemia 03 03
4 Colorectal 480E-02 | 5.048-02 | *17E- 8.68E-08 4.34E-08 5.45E-05 1.78E-04
adenocarcinoma 02
Colorectal
5 | adenocarcinoma with | | 'O%Em 1'08?0 LOOEH00 | 60100 | 1.00B100 | 545E-05 | 1.78E-04
FAP
7 Duodenum 3.00E-04 | 3.128-04 | Z0%E- | 5 01B-07 1.00E-07 321E-08 | 8.62E-08
adenocarcinoma 04
Gallbladder non 311E-
10 papillary 280803 | 29103 [ oL} 1.62E-05 8.10E-06 | 644E-13 | 141E-12
adenocarcinoma
14 Hepatocellular 7108-03 | 6138-03 | Z03F | 977807 | 488807 7.16E-09 | 1.60E-08
carcinoma 03
Hepatocellular 2.19E-
15 | iepatocelular 1 710802 | s90E02 | 2 2.14E-06 1.07E-06 | 7.16E-09 | 1.60E-08
16 | Lungadenocarcinoma |\ 550 o3 |y eip g3 | BIOE- 5 5sp 06 177606 | 455E-11 | 7.25E-11
(nonsmokers) 03
17 | Lungadenocarcinoma | ¢ 1op 5 | 5 67E02 | 3BE | ga4p06 | 472806 | 455B-11 | 7.25B-11
(smokers) 02
19 Melanoma 2.03E-02 | 1.87E-02 | 1.87E-02 | 7.19E-07 7.19E-07 524E-08 | 5.24E-08
20 Osteosarcoma 3.50E-04 | 2.45E-04 16‘;’? 1.62E-05 8.09E-06 | 485E-14 | 8.40E-14
21 OSte(’Sa;;‘;“;a ofthe 14 00E-05 | 2.98E-05 1'07 jl]f' 1 35E-05 6.73E-06 1.02E-14 | 1.77E-14
2 OSte(’Saﬁ‘;‘;ﬁ ofthe | 3 g 05 | 2.21E-05 1'0241335' 123E-05 6.13E-06 1.02E-14 | 1.77E-14
23 OSte"”‘iZ‘;‘;” ofthe | ) 20E-04 | 1.66E-04 13)3213' 1.81E-05 9.07E-06 200E-14 | 3.87E-14
g4 | Osteosarcomaofthe | 5500 o5 | 5 43p05 | LOOE- 1 6op 05 802E-06 | 462B-15 | S8.11E-15
pelvis 04
26 Pancreatic ductal 136802 | 114802 | >%E | 130806 6.52E-07 5.79E-09 | 1.28E-08
adenocarcinoma 03
g7 | Pancreaticendocrine 1y o0p o0 | e3pgs | S4TE 1 osE 06 5.23E-07 1.61E-10 | 3.58E-10
(islet cell) carcinoma 05
Thyroid 3 68E
30 papillary/follicular | 1.03E-02 | 5.088-03 | “§%7 | 162605 8.11E-06 146E-12 | 245E-12
carcinoma
31 Thyroid medullary | 5 ) )p 04 | oap-04 | UU7E 1 13505 5.63E-06 148E-13 | 2.50E-13
carcinoma 04
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Table 12: Estimated intrinsic contribution percentage for selected cancer types with two settings of
mutation rate enlargement (as an effect of mutation M,) factor a = 1 and a® = 2.

We use intrinsic mutation rate 10~2 and mutation enlargement factor 1.

"C;, all cells" gives the estimated intrinsic contribution based on the ratio of number of acquired
mutations among all cells due to W, vS. (Ujpe + Uey), While "C;, cancer cells" gives the same
quantity considering only cancer cells, i.e. those cells acquired sufficient types of driver mutations for
cancer onset.

"

id | cancer type fi(:l) all cells fi(:l) all cells fi(:l) cancer cells fi(:l) cancer cells
1 Acute myeloid leukemia 7.65% 7.65% 1.43E-04 3.00E-04
2 Basal cell carcinoma 1.85% 3.63% 6.26E-06 4.13E-05
3 Chronic lymphocytic leukemia 7.09% 7.09% 1.08E-04 2.25E-04
4 Colorectal adenocarcinoma 10.32% 18.70% 1.02E-03 2.14E-03
5 Colorectal adenocarcinoma with FAP 0.00% 0.07% 9.99E-16 4.33E-15
7 Duodenum adenocarcinoma 4.74% 9.05% 1.00E-04 2.21E-04
10 | Gallbladder non papillary adenocarcinoma | 0.06% 0.12% 1.98E-10 2.07E-10
14 | Hepatocellular carcinoma 1.01% 2.01% 1.03E-06 6.63E-06
15 | Hepatocellular carcinoma with HCV 0.47% 0.93% 9.86E-08 5.37E-07
16 | Lung adenocarcinoma (nonsmokers) 0.28% 0.56% 2.20E-08 1.27E-07
17 | Lung adenocarcinoma (smokers) 0.11% 0.21% 1.15E-09 4.64E-09
19 | Melanoma 1.37% 1.37% 2.58E-06 2.58E-06
20 | Osteosarcoma 0.06% 0.12% 2.32E-10 1.46E-09
21 | Osteosarcoma of the arms 0.07% 0.15% 4.05E-10 2.67E-09
22 | Osteosarcoma of the head 0.08% 0.16% 5.37E-10 3.59E-09
23 | Osteosarcoma of the legs 0.06% 0.11% 1.61E-10 8.09E-10
24 | Osteosarcoma of the pelvis 0.06% 0.12% 2.38E-10 1.53E-09
26 | Pancreatic ductal adenocarcinoma 0.76% 1.51% 4.38E-07 3.23E-06
27 | Pancreatic endocrine (islet cell) carcinoma | 0.95% 1.87% 8.44E-07 6.27E-06
30 | Thyroid papillary/follicular carcinoma 0.06% 0.12% 2.16E-10 5.04E-10
31 | Thyroid medullary carcinoma 0.09% 0.18% 6.65E-10 2.06E-09

We could see that none of intrinsic contribution values from only cancer cells exceed 1%
and the highest intrinsic contribution from all cells is 18.70%. In addition, C,,, increased
for all cancer types when clonal expansion takes effects, except Melanoma. With the
constraints considering only cancer cells, the shift on C,,, became more significant as
cancer cells are guaranteed to already have mutation M; so all of them divide faster with

the clonal expansion factor.
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According to Table 3, all cells in Melanoma are stem cells; therefore our model assumes
no progenitor lineages in the entire lifespan. Therefore clonal expansion for Melanoma
only increases the number of divisions for a very small portion of stem cells and does not

expand the cell population. Since we take the upper bound [logzNgf{ ] as stem cell

symmetric division generations, the computed cell number from our model 4.29E+09 is
slightly larger than the given number 3.80E+09. Therefore according to the regulation
mechanism the clonal expansion did not take place.

Tables 13 and 14 below provide results with intrinsic mutation rate 10~8 and mutation

enlargement factor 2.

Table 13: Estimated excess mutation rate, total risk and intrinsic risk for selected cancer types with
two settings of clonal expansion (as an effect of mutation M) factor y¥ = 1 and y® = 2.

We use intrinsic mutation rate 10~8 and mutation enlargement factor 2.

R, is the observed risk, ﬁﬁl@, aﬁfﬂ represent estimated excess rate with two settings respectively.
Similarly, Ry, and R,, represent estimated total risk (from mutation rate u;, + ), and intrinsic
risk (from mutation rate u;,).

Note:

*1. In cases where R, is much higher than R, with originally estimated i,,., we take l,,./2
instead.

*2. This is a special case where observed risk is 1.0, in which our algorithm for estimation ., does
not apply.

*3, In cases where R, is much higher than R, with originally estimated i,,.; and even with /2
taken as excess rate, R, is still ~ 2 times larger than R,,,, we mark these particular cancer
types/settings and use the intrinsic contribution values just as a reference but not solid evidence for
making conclusions.

. cancer type R, =(1) =(2) ~(1) ~(2) R¢ =(2)
id o R total R total Uexe Uexe Int R int
I | Acute myeloid leukemia | 4.10E-03 13;]15' 153%]?' 1.21E-07 121E-07 | 7.3E-07 | 9.01E-05
> | Basal cell carcinoma | 3.00E-01 | 2.96E-01 1'0111315' 5.30E-07 2.65E-07 526E-06 | 1.05E-05
3 | Chroniclymphocytic | 5,0 o3 | L76E- | 2.35E- 1 30 g 131E-07 713607 | 9.01E-05
leukemia 03 03
4 Colorectal 480E-02 | 557602 | 72 | ge8E-08 | 434E-08 | 127E-04 | 3.66E-04
adenocarcinoma 02
Colorectal
5 | adenocarcinoma with | | 'O%Em 1'08?0 LOOEH00 1 60E+00 | 1.00B100 | 127E-04 | 3.66E-04
FAP
7 Duodenum 3.00E-04 | 3278-04 | ZI8E- 15 01B-07 1.00E-07 7.49E-08 | 1.77E-07
adenocarcinoma 04
Gallbladder non 311E-
10 papillary 280803 | 291803 [ oL} 1.62E-05 8.10E-06 149E-12 | 2.85E-12
adenocarcinoma
14 Hepatocellular 7.108-03 | 6198-03 | Z0E | 977807 | 488807 1.66E-08 | 3.21E-08
carcinoma 03
Hepatocellular 2.20E-
15 | ochaoceulat 1 710802 | 592802 | 2 2.14E-06 1.07E-06 1.66E-08 | 3.21E-08




16 | Lungadenocarcinoma |, 550 o3 | g eop g3 | LUE- | 5558 06 1.77E-06 1.04E-10 | 1.56E-10
(nonsmokers) 03

17 | Lungadenocarcinoma | ¢ 1op o5 | 5 e7p02 | 33F | 9.44p-06 472E-06 1.04E-10 | 1.56E-10
(smokers) 02

19 Melanoma 2.03E-02 | 1.89E-02 | 1.89E-02 | 7.19E-07 | 7.19E-07 122E07 | 1.22E-07

20 Osteosarcoma 3.50E-04 | 245E-04 | ! 5‘37335' 1.62E-05 8.09E-06 1L11E-13 1.83E-13

21 OSte"Sa;jfn“;a ofthe 14 00E-05 | 2.99E-05 | '07 j?' 1 35E-05 6.73E-06 232E-14 | 3.86E-14

2 OSte"Sa{;‘;‘;a ofthe | 3 op 05 | 220805 | '0241335' 123E-05 6.13E-06 232E-14 | 3.86E-14

23 OSte"”‘iZ‘;? ofthe 1 20E-04 | 1.668-04 | '013(1? 1.81E-05 9.07E-06 5.09E-14 | 8.42E-14

g4 | Osteosarcomaofthe | 5,00 o5 | 5 43p.0s5 | 100 1.60E-05 8.02E-06 1.06E-14 | 1.76E-14
pelvis 04

26 Pancreatic ductal 136E-02 | 1.15E-02 | >4 1 30E-06 6.52E-07 134E-08 | 2.57E-08
adenocarcinoma 03

g7 | Pancreaticendocrine |y o 0p 0 | | gsp g4 | 396F 1.05E-06 5.23E-07 3.73E-10 | 7.20E-10
(islet cell) carcinoma 05

Thyroid 3 69E
30 papillary/follicular | 1.03E-02 | 5.088-03 | “§0F | 162605 811E-06 | 3.35E-12 | 520E-12
carcinoma

31 Thyroid medullary | 5 e 04 |} gspg4 | LITE- 1.13E-05 5.63E-06 338E-13 | 5.30E-13

carcinoma 04

Table 14: Estimated intrinsic contribution percentage for selected cancer types with two settings of
mutation rate enlargement (as an effect of mutation M,) factor a = 1 and a® = 2.

We use intrinsic mutation rate 10~8 and mutation enlargement factor 2.

"C;, all cells" gives the estimated intrinsic contribution based on the ratio of number of acquired
mutations among all cells due to W, vS. (Ujpe + Uey), While "C;, cancer cells" gives the same
quantity considering only cancer cells, i.e. those cells acquired sufficient types of driver mutations for

cancer onset.

"

id | cancer type fi(:l) all cells fi(:l) all cells fi(:l) cancer cells fi(:l) cancer cells
1 Acute myeloid leukemia 7.65% 7.65% 3.33E-04 6.23E-04
2 Basal cell carcinoma 1.85% 3.63% 1.43E-05 8.03E-05
3 Chronic lymphocytic leukemia 7.09% 7.09% 2.52E-04 4.71E-04
4 Colorectal adenocarcinoma 10.32% 18.70% 2.14E-03 4.35E-03
5 Colorectal adenocarcinoma with FAP 0.00% 0.07% 2.22E-15 1.08E-14
7 Duodenum adenocarcinoma 4.74% 9.05% 2.23E-04 4.51E-04
10 | Gallbladder non papillary adenocarcinoma | 0.06% 0.12% 4.58E-10 4.20E-10
14 | Hepatocellular carcinoma 1.01% 2.01% 2.37E-06 1.32E-05
15 | Hepatocellular carcinoma with HCV 0.47% 0.93% 2.28E-07 1.08E-06
16 | Lung adenocarcinoma (nonsmokers) 0.28% 0.56% 5.02E-08 2.79E-07
17 | Lung adenocarcinoma (smokers) 0.11% 0.21% 2.64E-09 1.02E-08
19 | Melanoma 1.37% 1.37% 5.92E-06 5.92E-06
20 | Osteosarcoma 0.06% 0.12% 5.28E-10 3.17E-09
21 | Osteosarcoma of the arms 0.07% 0.15% 9.18E-10 5.77E-09
22 | Osteosarcoma of the head 0.08% 0.16% 1.22E-09 7.76E-09
23 | Osteosarcoma of the legs 0.06% 0.11% 3.66E-10 1.76E-09
24 | Osteosarcoma of the pelvis 0.06% 0.12% 5.40E-10 3.31E-09
26 | Pancreatic ductal adenocarcinoma 0.76% 1.51% 1.01E-06 6.45E-06
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27 | Pancreatic endocrine (islet cell) carcinoma | 0.95% 1.87% 1.94E-06 1.24E-05
30 | Thyroid papillary/follicular carcinoma 0.06% 0.12% 4.95E-10 1.09E-09
31 | Thyroid medullary carcinoma 0.09% 0.18% 1.52E-09 4.43E-09

The two tables above demonstrate same conclusions as in Tables 11 and 12.
Tables 15 and 16 below provide results with intrinsic mutation rate 10~7 and mutation

enlargement factor 1.

Table 15: Estimated excess mutation rate, total risk and intrinsic risk for selected cancer types with
two settings of clonal expansion (as an effect of mutation M) factor y™¥ = 1 and y® = 2.

We use intrinsic mutation rate 10~7 and mutation enlargement factor 1.

R, is the observed risk, ﬁﬁiﬂ,ﬁiiﬁ represent estimated excess rate with two settings respectively.
Similarly, Ry, and R;, represent estimated total risk (from mutation rate u;,; + il.,.), and intrinsic
risk (from mutation rate u;,).

Note:

*1. In cases where R,,, is much higher than R with originally estimated i, we take /2
instead.

*2. This is a special case where observed risk is 1.0, in which our algorithm for estimation ,,, does
not apply.

*3, In cases where R, is much higher than R, with originally estimated i.,.; and even with /2
taken as excess rate, R, is still ~ 2 times larger than R,,,, we mark these particular cancer
types/settings and use the intrinsic contribution values just as a reference but not solid evidence for

making conclusions.
*4, In cases where R, is already bigger than R, which usually occurs for tissues with very long
stem lineages, we could have a negative 2,,.. This indicates only a smaller intrinsic mutation rate

could be reasonable and therefore we ignore the interpretations for this situation.

(1)
. cancer type R,y =) =) 1) _@ R¢ ~@
id o Rtotal Rtotal uexc uexc Int Rint
1 Acute myeloid leukemia | 4.10E-03 3‘5‘32315' 4‘0139]13' 7.57E-08 7.57E-08 5.12E-04 8.90E-04
2 Basal cell carcinoma 3.00E-01 | 2.92E-01 1'0617»]13' 4.40E-07 2.20E-07 2.22E-03 5.29E-03
3 | Chroniclymphocytic | 5,50 3 | 415E- | 489E- 1 ¢ \p e 8.61E-08 5.12E-04 | 8.90E-04
leukemia 03 03
4 Colorectal 4.80E-02 | 5.04E-02 | 2.49E-01 | -3.18E-09"* | -3.18E-09"* | 5.54E-02 2.72E-01
adenocarcinoma
Colorectal
5 | adenocarcinoma with | | -°gE+0 1'0%E+0 1.00E+00 | 1.00E+00 | 1.00E+00 | 5.54E-02 | 2.72E-01
FAP
7 Duodenum 3.00E-04 | 3.128-04 | 023 1.11E-07 5.54E-08 3.26E-05 1.47E-04
adenocarcinoma 04
Gallbladder non 3 17E-
10 papillary 2.80E-03 | 2.91E-03 03l 1.61E-05 8.05E-06 6.42E-10 1.50E-09
adenocarcinoma
14 Hepatocellular 710E-03 | 6.136-03 | 2O4E | gg7E07 | 443807 7.04E-06 | 1.60E-05
carcinoma 03
Hepatocellular 2.48E-
15 careim o ey | T-10E-02 | 5.90E-02 o'l 2.05E-06 1.02E-06 7.04E-06 1.60E-05
16 | Lungadenocarcinoma |\ 550 o3 | g eip o3 | 120F | 5 46806 173606 | 432608 | 7.86E-08
(nonsmokers) 03
17 | Dungadenocarcinoma | ¢ \op 5 | 5 g7pp | 340F 9.35E-06 4.67E-06 4.32E-08 7.86E-08
(smokers) 02
19 Melanoma 2.03E-02 | 1.87E-02 | 1.87E-02 | 6.29E-07 6.29E-07 5.17E-05 5.17E-05




20 Osteosarcoma 3.50E-04 | 245E-04 | ! 53(1]15' 1.61E-05 8.04E-06 483E-11 1.33E-10

21 OSte"Sa;jfn“;a ofthe 14 00E-05 | 2.98E-05 | '07 }?' 1 34E-05 6.68E-06 102E-11 | 2.85E-11

2 OSte"Sa{;‘;‘;a ofthe | 3 op o5 | 221E-05 | | '02;‘335' 1.22E-05 6.08E-06 1.02E-11 2.85E-11

23 OSte"Sa"lZ‘;‘S“a ofthe |5 )0E-04 | 1.66E-04 | '0131335' 1.80E-05 9.02E-06 2.22E-11 6.17E-11

g4 | Osteosarcomaofthe | 5,00 o5 | 5 43p0s5 | 1O3E- 1.60E-05 7.98E-06 4.63E-12 131E-11
pelvis 04

26 Pancreatic ductal 136E-02 | 1.148-02 | *+19F 1 21E-06 6.07E-07 5.68E-06 | 1.26E-05
adenocarcinoma 03

g7 | Pancreaticendocrine 1y o0p o0 | e3pgs | O99F | g 57807 478E-07 159E-07 | 3.57E-07
(islet cell) carcinoma 05

Thyroid 3 76E-
30 papillary/follicular LO3E-02 | 5.08E-03 [ 0 1.61E-05 8.07E-06 142E-00 | 2.47E-09
carcinoma

31 Thyroid medullary 324604 | 1948-04 | 120F 1.12E-05 5.59E-06 1.46E-10 2.56E-10

carcinoma 04

Table 16: Estimated intrinsic contribution percentage for selected cancer types with two settings of
mutation rate enlargement (as an effect of mutation M,) factor a = 1 and a® = 2.

We use intrinsic mutation rate 10~7 and mutation enlargement factor 1.

"C;, all cells" gives the estimated intrinsic contribution based on the ratio of number of acquired
mutations among all cells due to W, vS. (Ujpe + Uey), While " i, cancer cells" gives the same
quantity considering only cancer cells, i.e. those cells acquired sufficient types of driver mutations for
cancer onset.

"

id | cancer type fi(:l) all cells fi(:l) all cells fi(:l) cancer cells fi(:l) cancer cells
1 Acute myeloid leukemia 56.92% 56.92% 12.17% 12.27%
2 Basal cell carcinoma 18.50% 31.21% 0.63% 2.70%
3 Chronic lymphocytic leukemia 53.74% 53.74% 9.79% 9.87%
4 Colorectal adenocarcinoma 103.28% 103.29% 110.48% 113.41%
5 Colorectal adenocarcinoma with FAP 0.02% 0.68% 0.00% 0.00%
7 Duodenum adenocarcinoma 47.41% 64.30% 10.30% 18.78%
10 | Gallbladder non papillary adenocarcinoma | 0.62% 1.22% 0.00% 0.00%
14 | Hepatocellular carcinoma 10.13% 18.40% 0.10% 0.52%
15 | Hepatocellular carcinoma with HCV 4.65% 8.89% 0.01% 0.05%
16 | Lung adenocarcinoma (nonsmokers) 2.81% 5.47% 0.00% 0.01%
17 | Lung adenocarcinoma (smokers) 1.06% 2.09% 0.00% 0.00%
19 | Melanoma 13.72% 13.72% 0.26% 0.26%
20 | Osteosarcoma 0.62% 1.23% 0.00% 0.00%
21 | Osteosarcoma of the arms 0.74% 1.47% 0.00% 0.00%
22 | Osteosarcoma of the head 0.82% 1.62% 0.00% 0.00%
23 | Osteosarcoma of the legs 0.55% 1.10% 0.00% 0.00%
24 | Osteosarcoma of the pelvis 0.62% 1.24% 0.00% 0.00%
26 | Pancreatic ductal adenocarcinoma 7.61% 14.14% 0.04% 0.27%
27 | Pancreatic endocrine (islet cell) carcinoma | 9.46% 17.28% 0.08% 0.49%
30 | Thyroid papillary/follicular carcinoma 0.62% 1.22% 0.00% 0.00%
31 | Thyroid medullary carcinoma 0.89% 1.76% 0.00% 0.00%
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We ignore the results for cancer types 4 and 5 due to the reasons stated at Table 15, then
we can see that the maximum C;,, from only cancer cells is ~18%.
Tables 17 and 18 below provide results with intrinsic mutation rate 10”7 and mutation

enlargement factor 2.

Table 17: Estimated excess mutation rate, total risk and intrinsic risk for selected cancer types with
two settings of clonal expansion (as an effect of mutation M) factor y™¥ = 1 and y® = 2.

We use intrinsic mutation rate 10~7 and mutation enlargement factor 2.

R, is the observed risk, ﬁﬁiﬂ,ﬁiiﬁ represent estimated excess rate with two settings respectively.
Similarly, Ry, and R;, represent estimated total risk (from mutation rate u;,, + il.,.), and intrinsic
risk (from mutation rate u;,).

Note:

*1. In cases where R, is much higher than R, with originally estimated i,,., we take /2
instead.

*2. This is a special case where observed risk is 1.0, in which our algorithm for estimation ,,, does
not apply.

*3, In cases where R, is much higher than R, with originally estimated i.,.; and even with /2
taken as excess rate, R, is still ~ 2 times larger than R,,,, we mark these particular cancer
types/settings and use the intrinsic contribution values just as a reference but not solid evidence for

making conclusions.
*4, In cases where R, is already bigger than R, which usually occurs for tissues with very long
stem lineages, we could have a negative 2. This indicates only a smaller intrinsic mutation rate

could be reasonable and therefore we ignore the interpretations for this situation.

. cancer type R (1) ~2) o @ R ~@
id R total R total uexc uexc Int R int
I | Acute myeloid leukemia | 4.10E-03 55;]15' 7'0131,]15' 7.57E-08 | 7.57E-08 132E-03 | 2.27E-03
2 Basal cell carcinoma 3.00E-01 | 3.38E-01 2'(;)17»]13' 4.40E-07 2.20E-07 5.13E-03 1.06E-02
3 | Chroniclymphoeytic | 5 ,5p o3 | 702E- | 824E- | ¢ fhp g 8.61E-08 132E-03 | 227E-03
leukemia 03 03
4 Colorectal 4.80E-02 | 1.19E-01 | 4.11E-01 | -3.18E-09 | -3.18E-09" | 1.27E-01 4.37E-01
adenocarcinoma
Colorectal
5 adenocarcinoma with ! 085 i ! 'O%E+O 1.00E+00 1.00E+00 1.00E+00 1.27E-01 4.37E-01
FAP
7 Duodenum 3.00B-04 | 4868-04 | 234E | 111E07 5.54E-08 7.67E-05 | 2.88E-04
adenocarcinoma 04
Gallbladder non 3 20E-
10 papillary 2.80E-03 | 293803 | o] 1.61E-05 8.05E-06 1.48E-00 | 3.08E-09
adenocarcinoma
14 Hepatocellular 7.108-03 | 6.748-03 | >0F | g87E.07 | 443807 1.62E-05 | 3.21E-05
carcinoma 03
Hepatocellular 2.66E-
15 | epaocetlar | 710802 | 6a6E-02 [ 200 2.05E-06 1.02E-06 1.62E-05 | 3.21E-05
16 | Lungadenocarcinoma |\ 550 o3 |y esp o3 | 27E | 5 468 06 1.73E-06 9.80E-08 | 1.73E-07
(nonsmokers) 03
17 | Lungadenocarcinoma | ¢ \op 00 |5 op02 | 33E | 93506 | 4.67E-06 9.80E-08 | 1.73E-07
(smokers) 02
19 Melanoma 2.03E-02 | 2.13E-02 | 2.13E-02 | 6.29E-07 6.29E-07 1.19E-04 | 1.19E-04
20 Osteosarcoma 3.50E-04 | 2.46E-04 153%]33' 1.61E-05 8.04E-06 1I0E-10 | 3.16E-10
21 OSte"S"";;‘;“Sla ofthe | 4 60E-05 | 3.01E-05 1‘&3}33' 1 34E-05 6.68E-06 232E-11 6.76E-11




2 OSte"Sa{;‘;‘;a ofthe 1 3 op o5 | 223805 | | '0246335' 1.22E-05 6.08E-06 232E-11 6.76E-11

23 OSte"Sa"lZ‘;‘S“a ofthe 15 0E-04 | 1.67E-04 | '0133335' 1.80E-05 9.02E-06 5.08E-11 1.47E-10

g4 | Osteosarcomaofthe | 5,00 o5 | 5 4spgs | 1O3E- 1.60E-05 7.98E-06 1.06E-11 | 3.10E-11
pelvis 04

26 Pancreatic ductal 136E-02 | 122802 | *+O7E- 1 21E-06 6.07E-07 131E-05 | 2.52E-05
adenocarcinoma 03

g7 | Pancreaticendocrine 1y o0p o0 | 5 01pgs | TO8E | g57p.07 478E-07 3.69E-07 | 7.18E-07
(islet cell) carcinoma 05

Thyroid 3 8O-
30 papillary/follicular | 1.03E-02 | 5.11E-03 | 30 1.61E-05 8O7E-06 | 3.24E-09 | 526E-09
carcinoma

31 Thyroid medullary | 5 54 o4 | | ggp04 | 1:22E- 1.12E-05 5.59E-06 333E-10 | 5.45E-10

carcinoma 04

Table 18: Estimated intrinsic contribution percentage for selected cancer types with two settings of
mutation rate enlargement (as an effect of mutation M,) factor a = 1 and a® = 2.

We use intrinsic mutation rate 10~7 and mutation enlargement factor 2.

"C;, all cells" gives the estimated intrinsic contribution based on the ratio of number of acquired
mutations among all cells due to W, vS. (Ujpe + Uey), While "C;, cancer cells" gives the same
quantity considering only cancer cells, i.e. those cells acquired sufficient types of driver mutations for
cancer onset.

id | cancer type fi(:l) all cells fi(:l) all cells fi(:l) cancer cells fi(:l) cancer cells
1 | Acute myeloid leukemia 56.92% 56.92% 19.03% 19.12%
2 | Basal cell carcinoma 18.50% 31.21% 1.22% 4.29%
3 | Chronic lymphocytic leukemia 53.74% 53.74% 15.87% 15.95%
4 Colorectal adenocarcinoma 103.28% 103.29% 107.90% 109.96%
5 Colorectal adenocarcinoma with FAP 0.02% 0.68% 0.00% 0.00%
7 | Duodenum adenocarcinoma 47.41% 64.30% 15.54% 26.09%
10 | Gallbladder non papillary adenocarcinoma | ( g20; 1.22% 0.00% 0.00%
14 | Hepatocellular carcinoma 10.13% 18.40% 0.22% 0.92%
15 | Hepatocellular carcinoma with HCV 4.65% 8.89% 0.02% 0.09%
16 | Lung adenocarcinoma (nonsmokers) 2.81% 5.47% 0.00% 0.03%
17 | Lung adenocarcinoma (smokers) 1.06% 2.09% 0.00% 0.00%
19 | Melanoma 13.72% 13.72% 0.53% 0.53%
20 | Osteosarcoma 0.62% 1.23% 0.00% 0.00%
21 | Osteosarcoma of the arms 0.74% 1.47% 0.00% 0.00%
22 | Osteosarcoma of the head 0.82% 1.62% 0.00% 0.00%
23 | Osteosarcoma of the legs 0.55% 1.10% 0.00% 0.00%
24 | Osteosarcoma of the pelvis 0.62% 1.24% 0.00% 0.00%
26 | Pancreatic ductal adenocarcinoma 7.61% 14.14% 0.09% 0.48%
27 | Pancreatic endocrine (islet cell) carcinoma | g 460, 17.28% 0.18% 0.87%
30 | Thyroid papillary/follicular carcinoma 0.62% 1.22% 0.00% 0.00%
31 | Thyroid medullary carcinoma 0.89% 1.76% 0.00% 0.00%
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We can see that except cancer types 4 and 5, the largest intrinsic contribution computed
from only cancer cells is 26.09% with Duodenum adenocarcinoma. However, according
to Table 17, the excess rate was overestimated; we take the range [26.09%, 64.30%] as

the intrinsic contribution under the condition of clonal expansion.

5.2 Extensive Study with 18 Tissue Types

In this section, we extend our study in Section 5.1 to 18 selected tissues listed in Table
3.2. In estimating intrinsic contribution, we use a more time consuming yet more accurate
algorithm, binary search, to compute the total rate/excess rate. We will demonstrate that
under various parameter settings, intrinsic factor has very limited contribution to cancer
risk for most tissues and therefore the majority of observed risk is due to non-intrinsic
factors.

We choose the set of intrinsic mutation rate to be mr = {1.0x1078,1.1x1078,2.5%
1078,1.0x1077}. Note that 1077 is an intentionally chosen large mutation rate which is
above the range used in [34]. As before, we choose the factor of mutation rate
enlargement to be emr = {1.0,2.0} and clonal expansion factor fd = {1.0,2.0} .
Different from our preliminary experiments in Section 5.1, we don’t apply the heuristic
regulation on clonal expansion, meaning that the clonal expansion effect will continue
through the entire lifespan. In this way, we obtain an extreme-case upper bound of
intrinsic risk under clonal expansion. By default, the required mutation hits for stem,
progenitor and  terminal  cells are (Mg, My, Mg), (My, M3, My, Mg)  and
(My,M,, M5, M,, M), respectively. We represent the hits in our parameters as mtg =
00111, mtp = 01111 and mt; = 11111 . For some tissues, we also use mtg =

01111, mtp = 11111 and mt; = 11111, which makes it harder for cancer onset.
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5.2.1 Lifetime Risk and Intrinsic Contribution

As in previous experiments, we study the lifetime intrinsic risks and compare them to
observed risks, under various parameters. In addition, we provide the estimated intrinsic
contribution percentages and compare them to those reported in Tomasetti et al. [41]. We
first focus on comparing different intrinsic mutation rates, then different mutation effect
factors, and clonal expansion. For certain tissues, we also study the change of required
mutation hits for cancer onset. Eventually we will summarize all parameter settings into a
comprehensive result.

Figures 23 and 24 below illustrate the lifetime intrinsic risk computed from Extended
Risk Model under different intrinsic rate. We can see the comparison of intrinsic risk and

observed risk.

CR_Intrinsic (in Log10 Scale) - Extended Risk Model
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Figure 23: Lifetime intrinsic risk (log10 scale) computed from Extended Risk Model and statistics of NPCR observed
risk in U.S. Tissue id/names are given below horizontal axis and the tissues are sorted in ascending order of
“risk_observed”, the average risk in U.S. Intrinsic mutation rate is selected to be {1e-08, 1.1e-08, 2.5e-08, 1e-07};
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no mutation effects and clonal expansion were applied here (emr = 1.0 and fd = 1.0); also default required
mutation hits were used (mtg = 00111, mtp = 01111 and mt; = 11111).
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Figure 24: Lifetime intrinsic risk (log10 scale) computed from Extended Risk Model and statistics of NPCR observed
risk in U.S. Tissue id/names are given below horizontal axis and the tissues are sorted in ascending order of
“risk_observed”, the average risk in U.S. Intrinsic mutation rate is selected to be {1e-08, 1.1e-08, 2.5e-08, 1e-07}.
Mutation effects and clonal expansion were applied here with factors emr = 2.0 and fd = 2.0; also default
required mutation hits were used (mtg = 00111, mtp = 01111 and mt; = 11111).

We can see from Figures 23 and 24 that except small intestine, leukemia and colon, the
intrinsic risks from all other tissues are far below the average observed risk under all
conditions. For large mutation rate 1077, small intestine, leukemia and colon all give
intrinsic risks larger than observed risks under mutation effects and clonal expansion. We
will later focus on these three tissues for further sensitivity analysis. Aside from the
comparison of risk magnitude, the overall trend of intrinsic risk is very different from that
of observed risk across these 18 tissues, which indicates significant variations coming

from non-intrinsic factors.
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To see a quantitative analysis on how much intrinsic/non-intrinsic factors contributes to
total risk, Figures 25 and 26 below illustrate the intrinsic contribution percentage

estimated according to the binary search algorithm described in 4.6.
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Figure 25: Lifetime intrinsic contribution (logl0 scale) computed from Extended Risk Model and intrinsic
contribution percentage, “Intrinsic_Contribution_TV”, reported by Tomasetti, Li and Vogelstein [41] except Small
Intestine and Head & Neck. Tissue id/names are given below horizontal axis and the tissues are sorted in ascending
order of “risk_observed”, the average risk in U.S. Intrinsic mutation rate is selected to be {1e-08, 1.1e-08, 2.5e-08,
1le-07}. No mutation effects and clonal expansion were applied here (emr = 1.0 and fd = 1.0); also default
required mutation hits were used (mtg = 00111, mtp = 01111 and mty = 11111). Note that in rare cases
where computed intrinsic contribution is greater than 1.0, (there are more mutations acquired due to intrinsic rate
than that due to estimated total rate), the intrinsic contribution was set to 1.0 (0.0 in log10 scale).
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Intrinsic_Contribution_CANCER (in Log10 Scale) - Extended Risk Model
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Figure 26: Lifetime intrinsic contribution (logl0 scale) computed from Extended Risk Model and intrinsic
contribution percentage, “Intrinsic_Contribution_TV”, reported by Tomasetti, Li and Vogelstein [41] except Small
Intestine and Head & Neck. Tissue id/names are given below horizontal axis and the tissues are sorted in ascending
order of “risk_observed”, the average risk in U.S. Intrinsic mutation rate is selected to be {1e-08, 1.1e-08, 2.5e-08,
1le-07}. Mutation effects and clonal expansion were applied here with factors emr = 2.0 and fd = 2.0; also
default required mutation hits were used (mts = 00111, mtp = 01111 and mé; = 11111). Note that in rare
cases where computed intrinsic contribution is greater than 1.0, (there are more mutations acquired due to
intrinsic rate than that due to estimated total rate), the intrinsic contribution was set to 1.0 (0.0 in log10 scale).

From Figures 25, 26, the intrinsic contribution percentages for most tissues are much
smaller than the reported values in Tomasetti et al. [41], if any. With large mutation rate
1077 (especially with clonal expansion), small intestine, leukemia and colon have
unreasonably high intrinsic contribution percentages.

From Figures 23 to 26, we can conclude that for most tissues, non-intrinsic factors
contribute to most of the total cancer risk.

Small intestine, leukemia and colon have relatively long stem and progenitor lineages,
leading to unreasonably large intrinsic risk and intrinsic contribution under large

mutation rate. We now take required mutation hits into considerations, under mutation
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rate 1077, Figures 27 and 28 provide the results for small intestine, leukemia and colon at

different mutation hits required for cancer onset.
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Figure 27: Lifetime intrinsic risk (log10 scale) computed from Extended Risk Model and statistics of NPCR observed
risk in U.S. Tissue id/names are given below horizontal axis and the tissues are sorted in ascending order of
“risk_observed”, the average risk in U.S. Intrinsic mutation rate is selected to be {1e-07}. Mutation effects and
clonal expansion were applied here with factors ranging from emr = {1.0,2.0}and fd = {1.0, 2. 0}; also we
consider different required mutation hits: (mtg = 00111, mtp = 01111 and mt; = 11111) vs. (mitg =
01111, mtp = 11111 and mt; = 11111).
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Intrinsic_Contribution CANCER (in Logl0 Scale) - Extended Risk Model
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Figure 28: Lifetime intrinsic contribution (logl0 scale) computed from Extended Risk Model and intrinsic
contribution percentage, “Intrinsic_Contribution_TV”, reported by Tomasetti, Li and Vogelstein [41] except Small
Intestine and Head & Neck. Tissue id/names are given below horizontal axis and the tissues are sorted in ascending
order of “risk_observed”, the average risk in U.S. Intrinsic mutation rate is selected to be {1e-07}. Mutation effects
and clonal expansion were applied here with factors ranging from emr = {1.0,2.0} and fd = {1.0, 2. 0}; also we
consider different required mutation hits: (mtg = 00111, mtp = 01111 and mt; = 11111) vs. (mtg =
01111, mtp = 11111 and mt; = 11111). Note that in cases where computed intrinsic contribution is greater
than 1.0, (there are more mutations acquired due to intrinsic rate than that due to estimated total rate), the
intrinsic contribution was set to 1.0 (0.0 in log10 scale).

We can see that by increasing the number of required hits for cancer onset by 1 on stem
and progenitor cells, we can significantly reduce intrinsic risk and intrinsic contribution.
Even under large mutation rate 10~7, we can see that intrinsic factor only contributes a
small portion of total risk with mtgs = 01111, mt, = 11111 and mt; = 11111.

Figures 29 and 30 below plot together the results with all parameter settings. Note that for
tissues other than small intestine, leukemia and colon, we use the default required

mutation hits of mtg = 00111, mt, = 01111 and mt, = 11111.
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CR_Intrinsic (in Log10 Scale) - Extended Risk Model
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Figure 29: Lifetime intrinsic risk (log10 scale) computed from Extended Risk Model and statistics of NPCR observed
risk in U.S. Tissue id/names are given below horizontal axis and the tissues are sorted in ascending order of
“risk_observed”, the average risk in U.S. Intrinsic mutation rate is selected to be {1e-08, 1.1e-08, 2.5e-08, 1e-07};
mutation effects and clonal expansion factors are selected from emr = {1.0,2.0} and fd = {1.0,2.0}; the
default required mutation hits are (mts = 00111, mtp = 01111 and mty = 11111); for small intestine,
leukemia and colon, we add an additional set of mutation hits (mtg = 01111, mtp = 11111 and mt; = 11111).
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Intrinsic_Contribution_CANCER (in Log10 Scale) - Extended Risk Model
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Figure 30: Lifetime intrinsic contribution (logl0 scale) computed from Extended Risk Model and intrinsic
contribution percentage, “Intrinsic_Contribution_TV”, reported by Tomasetti, Li and Vogelstein [41] except Small
Intestine and Head & Neck. Tissue id/names are given below horizontal axis and the tissues are sorted in ascending
order of “risk_observed”, the average risk in U.S. Intrinsic mutation rate is selected to be {1e-08, 1.1e-08, 2.5e-08,
1le-07}; mutation effects and clonal expansion factors are selected from emr = {1.0,2.0} and fd = {1.0, 2. 0};
the default required mutation hits are (mtg = 00111, mtp = 01111 and mt; = 11111); for small intestine,
leukemia and colon, we add an additional set of mutation hits (mtg = 01111, mtp = 11111 and mé; = 11111).
Note that in cases where computed intrinsic contribution is greater than 1.0, (there are more mutations acquired
due to intrinsic rate than that due to estimated total rate), the intrinsic contribution was set to 1.0 (0.0 in log10

scale).

We see that for most tissues and parameter settings, intrinsic rate only contributes a small

portion of total risk.
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5.2.2 Age Dependent Risk and Intrinsic Contribution

NPCR provides the average observed risk (in U.S.) at each of 5 years within an 80-year
lifespan for the 18 tissues. We described the algorithm to compute age-dependent
intrinsic risk in Section 4.4.4 which can be easily extended to the estimation of intrinsic
contribution, with algorithms in Section 4.6. We use selected tissues to show longitudinal
patterns of how observed risk, intrinsic risk, and intrinsic contribution changes with age,

as shown below in Tables 19 and 20.

Table 19: Age dependent observed risk, intrinsic risk, and estimated intrinsic contribution at each of 5 years within
an 80-year lifespan. Left side figures plot the average observed risk (“CR_MEAN_USA”) and intrinsic risk under
selected parameter settings; right side figures plot the estimated intrinsic contribution for the same tissue. The
intrinsic contribution in above figures for age x, represents cumulative average intrinsic contribution percentage
from age 0 to age x. All figures are in log10 scale. Intrinsic mutation rate is selected to be {1e-08, 1.1e-08, 2.5e-08,
1le-07}. No mutation effects and clonal expansion were applied here (emr = 1.0 and fd = 1.0); also default
required mutation hits were used (mtg = 00111, mtp = 01111 and mty = 11111). Note that in rare cases
where computed intrinsic contribution is greater than 1.0, (there are more mutations acquired due to intrinsic rate
than that due to estimated total rate), the intrinsic contribution was set to 1.0 (0.0 in log10 scale).
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CR_Intrinsic (in Log10 Scale) - Extended Risk Model Intrinsic_Contribution_CANCER (in Log10 Scale) - Extended Risk Model
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an 80-year lifespan. Left side figures plot the average observed risk (“CR_MEAN_USA”) and intrinsic risk under
selected parameter settings; right side figures plot the estimated intrinsic contribution for the same tissue. The
intrinsic contribution in above figures for age x, represents cumulative average intrinsic contribution percentage
from age 0 to age x. All figures are in log10 scale. Intrinsic mutation rate is selected to be {1e-08, 1.1e-08, 2.5e-08,
1le-07}. Mutation effects and clonal expansion were applied here with factors emr = 2.0 and fd = 2.0; also
default required mutation hits were used (mts = 00111, mtp = 01111 and mé; = 11111). Note that in rare
cases where computed intrinsic contribution is greater than 1.0, (there are more mutations acquired due to
intrinsic rate than that due to estimated total rate), the intrinsic contribution was set to 1.0 (0.0 in log10 scale).
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CR_Intrinsic (in Log10 Scale) - Extended Risk Model Intrinsic_Contribution_CANCER (in Log10 Scale) - Extended Risk Model
1 1

CR_intrinsic (in Log10 Scale)
Intrinsic_Contribution_CANCER (in Log10 Scale)

It is obvious that both observed risk and intrinsic risk are increasing with age for all
tissues. For age x, cancer risk and intrinsic contribution above represents cumulative risk
and average contribution percentage from age 0 to age x.

Among selected tissues except breast, intrinsic cancer risk under all conditions is much
smaller than the observed risk at any age. For break cancer, its intrinsic risk exceeds the
observed one with aggressive mutation rate and clonal expansion, before the age of 30;
however, the intrinsic risk falls far below the observed curve after 30. More importantly,
the intrinsic risk presents a greatly different trend than observed risk curve, for all tissues.
This demonstrates significant contribution from non-intrinsic factors.

For most tissues, the intrinsic contribution percentages have an overall decreasing trend,
indicating increasing importance of non-intrinsic factors to cancer onset as one gets older.
Some tissues, especially with clonal expansion effects, present non-monotonous intrinsic
contribution patterns. For example, the intrinsic contribution for prostate cancer was seen
decreasing after age 30.

In general, our results demonstrate significant contribution to cancer risk from non-
intrinsic factors in lifetime, and the percentage of intrinsic/non-intrinsic contributions

varies with age.
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5.2.3 Comparing Different Models

In this section, we compare original stem cell model, intermediate model and extended
risk model. We will see that they yield close intrinsic risk values under the same
parameter configuration. Only the extended risk model has the capability to incorporate
mutation effects and clonal expansion, which is the main reason why the experiment
results above were all based on the extended risk model. Figures 31 to 34 below compare
Extended Risk Model, Original Stem Cell Model and Intermediate Model on their

computed intrinsic risk under different mutation rates without mutation effects and clonal

expansion.
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Figure 31: Comparison of Extended Risk Model, Original Stem Cell Model and Intermediate Model on computed
lifetime intrinsic risk (log10 scale) computed from Extended Risk Model and statistics of NPCR observed risk in U.S.
Tissue id/names are given below horizontal axis and the tissues are sorted in ascending order of “risk_observed”,
the average risk in U.S. Intrinsic mutation rate is selected to be {1e-08}; mutation effects and clonal expansion
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factors are selected from emr = {1.0} and fd = {1.0}; the default required mutation hits are (mtg =
00111, mtp = 01111 and mt; = 11111).
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Figure 32: Comparison of Extended Risk Model, Original Stem Cell Model and Intermediate Model on computed
lifetime intrinsic risk (log10 scale) computed from Extended Risk Model and statistics of NPCR observed risk in U.S.
Tissue id/names are given below horizontal axis and the tissues are sorted in ascending order of “risk_observed”,
the average risk in U.S. Intrinsic mutation rate is selected to be {1.1e-08}; mutation effects and clonal expansion
factors are selected from emr = {1.0} and fd = {1.0}; the default required mutation hits are (mtg =
00111, mtp = 01111 and mt; = 11111).

123



CR_Intrinsic (in Log10 Scale)
mr = 2.5e-08|emr = 1.0|fd = 1.0|mt S = 00111|mt P = 01111jmt T = 11111

@=® nsk_observed
= risk_observed_min

= nisk_observed_min10p
W~ risk_observed_max90p
Off =+ risk_observed_max
@-@ Extended Risk Model
= Original Stem Model
=~ Intermediate Model

-2}

-4

-6

(in Log10 Scale)

-8l

CR_Intrinsic

-12

2-Thyroid medullary
4-Ovarian germ cell
3-Bone
19-Gallbladder
20-Small intestine
8-Testicular
5-Esophageal
1-Brain
7-liver
10-Thyroid follicular
6-leukemia
11-Pancreatic
12-Head & neck
13-Melanoma
14-Colon
15-Lung
16-Breast
17-Prostate

Tissue Names

Figure 33: Comparison of Extended Risk Model, Original Stem Cell Model and Intermediate Model on computed
lifetime intrinsic risk (log10 scale) computed from Extended Risk Model and statistics of NPCR observed risk in U.S.
Tissue id/names are given below horizontal axis and the tissues are sorted in ascending order of “risk_observed”,
the average risk in U.S. Intrinsic mutation rate is selected to be {2.5e-08}; mutation effects and clonal expansion
factors are selected from emr = {1.0} and fd = {1.0}; the default required mutation hits are (mtg =
00111, mtp = 01111 and mt; = 11111).
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Figure 34: Comparison of Extended Risk Model, Original Stem Cell Model and Intermediate Model on computed
lifetime intrinsic risk (log10 scale) computed from Extended Risk Model and statistics of NPCR observed risk in U.S.
Tissue id/names are given below horizontal axis and the tissues are sorted in ascending order of “risk_observed”,
the average risk in U.S. Intrinsic mutation rate is selected to be {1e-07}; mutation effects and clonal expansion
factors are selected from emr = {1.0} and fd = {1.0}; the default required mutation hits are (mts =
00111, mtp = 01111 and mt; = 11111).

We can see that the three different models yielded very close intrinsic risks provided
mutation effects and clonal expansion are ignored. The original stem cell model does not
have progenitor branches, but it yields almost identical risk comparing to the intermediate
models, which includes progenitor lineages. This is because progenitor lineages make
very little contribution to cancer onset due to its short lineage length and more
conservative criteria for cancer onset. In addition, the difference between original stem
cell model and extended risk model can be explained by the derivations in Section 4.4.
Figures 35 to 38 below compare the models when mutation effects and clonal expansion

are included for extended risk model.
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Figure 35: Comparison of Extended Risk Model, Original Stem Cell Model and Intermediate Model on computed
lifetime intrinsic risk (log10 scale) computed from Extended Risk Model and statistics of NPCR observed risk in U.S.
Tissue id/names are given below horizontal axis and the tissues are sorted in ascending order of “risk_observed”,
the average risk in U.S. Intrinsic mutation rate is selected to be {1e-08}; mutation effects and clonal expansion
factors are selected from emr = {2.0} and fd = {2.0}; the default required mutation hits are (mtg =
00111, mtp = 01111 and mt; = 11111).
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Figure 36: Comparison of Extended Risk Model, Original Stem Cell Model and Intermediate Model on computed
lifetime intrinsic risk (log10 scale) computed from Extended Risk Model and statistics of NPCR observed risk in U.S.
Tissue id/names are given below horizontal axis and the tissues are sorted in ascending order of “risk_observed”,
the average risk in U.S. Intrinsic mutation rate is selected to be {1.1e-08}; mutation effects and clonal expansion
factors are selected from emr = {2.0} and fd = {2.0}; the default required mutation hits are (mtg =
00111, mtp = 01111 and mt; = 11111).

127



CR_Intrinsic (in Log10 Scale)
mr = 2.5e-08|emr = 2.0|fd = 2.0|mt S = 00111|mt P = 01111jmt T = 11111

@=® nsk_observed
= risk_observed_min

= nisk_observed_min10p
W@ risk_observed_max90p
Off =+ risk_observed_max
@-@ Extended Risk Model .
== Original Stem Model T e
=~ Intermediate Model

-2

-4

-6

(in Log10 Scale)

-8

CR_Intrinsic

-14

2-Thyroid medullary
4-Ovarian germ cell
3-Bone
19-Gallbladder
20-Small intestine
8-Testicular
5-Esophageal
1-Brain
7-liver
10-Thyroid follicular
6-leukemia
11-Pancreatic
12-Head & neck
13-Melanoma
14-Colon
15-Lung
16-Breast
17-Prostate

Tissue Names

Figure 37: Comparison of Extended Risk Model, Original Stem Cell Model and Intermediate Model on computed
lifetime intrinsic risk (log10 scale) computed from Extended Risk Model and statistics of NPCR observed risk in U.S.
Tissue id/names are given below horizontal axis and the tissues are sorted in ascending order of “risk_observed”,
the average risk in U.S. Intrinsic mutation rate is selected to be {2.5e-08}; mutation effects and clonal expansion
factors are selected from emr = {2.0} and fd = {2.0}; the default required mutation hits are (mtg =
00111, mtp = 01111 and mt; = 11111).
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Figure 38: Comparison of Extended Risk Model, Original Stem Cell Model and Intermediate Model on computed
lifetime intrinsic risk (log10 scale) computed from Extended Risk Model and statistics of NPCR observed risk in U.S.
Tissue id/names are given below horizontal axis and the tissues are sorted in ascending order of “risk_observed”,
the average risk in U.S. Intrinsic mutation rate is selected to be {1e-07}; mutation effects and clonal expansion
factors are selected from emr = {2.0} and fd = {2.0}; the default required mutation hits are (mts =
00111, mtp = 01111 and mt; = 11111).

With mutation effects and clonal expansion, extended risk model gives significantly
different results than those from other two models. However, intrinsic risk from different
models still maintain most of the qualitative relations, indicating that all three models are
able to capture inherent cell evolution mechanisms of each tissue that determine cancer

onset and development due to intrinsic factors.

5.3 Discussion and Future Work
In this thesis, we built a comprehensive model for cell dynamics and cancer risk. Our
original target was to compute the theoretical lifetime cancer risk due to intrinsic risk

factors. For this purpose, we started from a very simple assumption that mutation
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acquisition along stem cell divisions is the major cause for the risk of cancer [31, 34].
Our original stem cell model in Section 2.5.1 can quickly compute theoretical risk
through a closed form formula derived from a discrete Markov process. The model can
explain most of the cancer onset mechanisms for tissues with long stem lineages.

The original stem cell model has several limitations. First, it did not consider non-stem
cell population, which accounts for more than 99% of a tissue in most cases (see Table
3). Second, it did not have an algorithm to build homeostasis within a tissue, in which the
overall cell death rate approximately equals overall cell birth rate. Also, the algorithm to
compute theoretical risk could give an overestimated risk, as explained in Section 4.4.

We generalized our original stem cell model to the intermediate risk model that
incorporates progenitor lineages and terminal cells. We built the homeostatic condition
that can be used to determine progenitor lineage length or cell cycle time. In this model
different types of cells could require different number of mutations for to become cancer
cells. For example, stem cells usually need 3 mutations, while progenitor cells need 4 or 5
mutations for cancer onset. We also developed a recursive algorithm for cancer risk based
on a similar assumption as in the original stem cell model, that cells of the same
generation within their lineage are independent in mutation acquisition. The intermediate
risk model provided a way to capture the overall cell dynamics and thus its estimation of
intrinsic risk is more convincing.

However, the intermediate risk model is unable to fully describe complicated process for
the multi-stage cancer development. First, by using the number of acquired mutations as
the state space, the intermediate model did not differentiate driver mutations that may

have different effects on cell dynamics and mutation acquisition. In addition, the model
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requires cells to divide at the same pace, which eludes the possibility of clonal expansion,
where cells with certain mutations could divide faster. Moreover, its algorithm for
computing theoretical risk could still lead to an overestimated theoretical risk.

Our extended risk model overcomes the above limitations and provides a highly flexible
framework to simulate cell dynamics and cancer development. The model has an efficient
algorithm to compute cancer risk and cell numbers at any given time point within an 80-
year lifespan; in addition, the model incorporates mutation effects and clonal expansion.
Currently the model assumes 5 driver mutations in total, but it can support any number of
driver mutations. In addition, the extended risk model does not need to assume any fixed
cell division patterns. It allows a general form of 6 cell division activities for both stem
and progenitor cells with time varying division probabilities. More importantly, the
extended risk model derives cancer risk computation based on the extended dependency
structures within general cell divisions.

With the extended risk model, we analyzed the impact from different mutation effects, on
the trend of cancer risk for each age within a lifetime. In addition, we evaluated the
portion of cancer risk and the proportion of cancer mutations due to intrinsic risk factors
alone using the metrics evaluated from the expected number of mutations.

Our analyses suggest that non-intrinsic factors are the major cause for cancer initiation
for most cancer types under various conditions and parameter configurations.

As possible future work directions, the current model can be extended to provide more
insight for the cancer development process. For example, we can incorporate more

complicated regulation process and immune process, in which cancer cells could be
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suppressed, as a simulation of cancer treatment. We can also extend the pool of driver

mutations and analyze its influence on cancer risk.
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