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Summary

Recent research has highlighted a strong correlation between tissue-specific cancer risk and the
lifetime number of tissue-specific stem cell divisions. Whether such correlation implies a high
unavoidable intrinsic cancer risk has become a key public health debate with dissemination of the
‘bad luck’ hypothesis. Here we provide evidence that intrinsic risk factors contribute only
modestly (<10~30%) to cancer development. First, we demonstrate that the correlation between
stem-cell division and cancer risk does not distinguish between the effects of intrinsic and extrinsic
factors. Next, we show that intrinsic risk is better estimated by the lower bound risk controlling for
total stem cell divisions. Finally, we show that the rates of endogenous mutation accumulation by
intrinsic processes are not sufficient to account for the observed cancer risks. Collectively, we
conclude that cancer risk is heavily influenced by extrinsic factors. These results carry immense
consequences for strategizing cancer prevention, research, and public health.

Cancers were once thought to originate from mature tissue cells that underwent de-
differentiation in response to cancer progressionl. Today, cancers are proposed to originate
from the malignant transformation of normal tissue progenitor and stem cells™", although
this is not uniformly accepted4. Nevertheless, recent research has highlighted a strong
correlation of 0.81 between tissue-specific cancer risk and the lifetime population size and
cumulative number of cell divisions of tissue-specific stem cells”. However, there has been
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extensive controversy regarding the conclusion that this correlation implies a very high
unavoidable risk for many cancers that are due solely to the intrinsic baseline population size
of tissue-specific stem cells®”. Much discussion has been made to argue against the ‘bad
luck” hypothesis 5‘13, yet none offered specific alternatives to quantitatively evaluate the
contribution of extrinsic risk factors in cancer development. Applying several distinct
modeling approaches, we here provide strong evidence that unavoidable intrinsic risk factors
contribute only modestly (<10~30%) to the development of many common cancers.

We start by making the conservative and yet conventional assumption that errors occurring
during the division of cells, being routes of malignant transformation, can be influenced by
both intrinsic processes as well as extrinsic factors (Fig. 1). “Intrinsic processes” include
those that result in mutations due to random errors in DNA replication whereas “extrinsic
factors™ are environmental factors that affect mutagenesis rates (such as UV radiation,
ionizing radiation, and carcinogens). For example, radiation can cause DNA damage, which
would primarily result in deleterious mutations with functional consequences on cancer
development only after cell division. Therefore, extrinsic factors may act through the
accumulation of genetic alterations during cell division to increase cancer risk. Accordingly,
intrinsic risk would result from those apparently uncontrollable intrinsic processes (Arrow 1,
Fig. 1) as well as from those highly modifiable and thus preventable extrinsic factors (Arrow
2, Fig. 1).

Correlation cannot differentiate risks

According to the above hypothesis, both intrinsic and extrinsic factors can impart cancer risk
through the accumulation of these errors, especially the ‘driver mutations’ (Arrow 3, Fig. 1).
As such, a correlational analysis between cancer risk and cell division, for either stem or
non-stem cells, is unable to differentiate between the contributions of intrinsic and extrinsic
factors. This is best illustrated through a thought experiment where we consider a
hypothetical scenario of a sudden emergence of a very potent mutagen globally such as a
strong radiation burst from a nuclear fallout that quadruples the lifetime risks for all cancers.
In this scenario, it transpires that the proportion of cancer risk explained by intrinsic random
errors would be small (at most 1/4 even if we assume all the original risk was due to intrinsic
processes). However, if we conduct regression analyses on either the new hypothetical
cancer risks or the current cancer risks as reported, against the number of stem-cell
divisionsS, the correlations from both cases would be 0.81 (Fig. 2). This clearly argues
against the implication that ~2/3 of variation could be explained by division-related random
intrinsic errors and indicates that correlational analysis cannot distinguish between intrinsic
and extrinsic factors.

Extrinsic risks by tissue cell turnover

The above conclusion then raises the question of what proportion of total cancer risk is due
to extrinsic versus intrinsic factors. In a data-driven approach, we first re-examine the
quantitative relationship between the observed lifetime cancer risk and the divisions of the
normal tissue stem cells as reported5, with a distinct alternative method. Our rationale is that
intrinsic risk, or indeed its upper bound, can be better estimated by the lowest boundary on
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the plots of cancer risk vs. total tissue stem-cell divisions (red line in Fig. 3a). In other
words, intrinsic cancer risk should be determined by the cancer incidence for those cancers
with the least risk in the entire group controlling for total stem cell divisions (red dots in Fig.
3a). The argument here is that cancers with the same stem-cell divisions should share the
same base of intrinsic cancer risk (if the relationship is causal); if one or more cancers would
feature a much higher cancer incidence, for example, lung cancer among smokers vs. non-
smokers, then this most likely reflects additional (and probably extrinsic) risk factors
(smoking in this case). One could argue that the low-incidence tumor types may have lower
incidences because of additional genetic repair mechanisms that restrict evolving malignant
cells from accumulating sufficient numbers of genetic alterations required to become fully
tumorigenic; however, without more specific data on the operation of repair mechanisms,
these could drive the risk up or down, depending on whether they are less or more efficient
in any particular tissue. Since, according to our hypothesis, intrinsic risk from stem-cell
divisions would define the lowest bound for a given number of stem-cell divisions, we define
an “intrinsic” risk line for stem-cell divisions by regressing the smallest cancer risks on any
given number of stem-cell divisions (red line, Fig. 3a). The “intrinsic” risk lines themselves
are still likely overestimates for the intrinsic risk; however, we should suspect that any
cancer risk above that line implies additional biologic determinants, based on which we can
compute the percentage of cancer risk not explained by intrinsic “randomness”. As shown in
Fig. 3a, most cancer types have very high excess risks relative to the “intrinsic” risk line,
indicating large proportions of risks unaccounted by the intrinsic factors, typically larger
than 90%. Moreover, these estimated excess risks are very robust — with plausible
measurement errors added to the total stem-cell divisions, the resulting excess risks remain
essentially intact (Extended Data Table 1).

Although we preformed the initial analysis from a ‘stem-cell theory’ point of view, we
wanted to ensure that our results are independent to this specific theory. Furthermore, the
lack of reliable data on human tissue stem cell dynamics is a serious concern (see
Supplementary Information) rendering the analysis in Fig. 3a less determinate. Thus we
separately collected data for the total number of tissue cell divisions that is based on
homeostatic tissue cell numbers and their turn-over rates (see Supplementary Information),
and analyzed the relationship of cancer risk vs. total tissue cell divisions (Fig. 3b). This
approach allows for every dividing cell to be a potential cancer-initiating cell, which would
be an application of another cell-of-origin theory of cancer whereby tumors may originate
from a hierarchy of cells, from stem cells to committed progenitor cells to differentiated
cells”. Mathematically, this can be considered also as an extreme form of stem cell theory
where the fraction of stem cells is 1 (this latter formulation then provides an upper bound of
the effects of the size of the stem cell population on cancer risk and the role of extrinsic
factors). The regression analysis between cancer risk and total tissue cell division shows a
high correlation of 0.75, establishing a strong quantitative relationship between cancer risk
and total cell division. To dissect the extrinsic vs intrinsic risks, we applied the same
rationale and regressed the smallest cancer risks on any given number of cell divisions (red
line, Fig. 3b). Although we could only find reliable turn-over data for a subset of tissues, it is
remarkable that the conclusion drawn here is nearly identical to that in Fig. 3a, i.e., large
proportions of risks that may not be attributable to intrinsic factors, are mostly higher than
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90%. It is important to note that here we included breast and prostate cancers — two high-
incidence cancers missing in the original stem-cell analysis5. Again, plausible measurement
errors have been added to the total cell divisions, and the excess risks remained almost
identical (Extended Data Table 1). In summary, irrespective of whether a subpopulation or
all dividing cells contribute to cancer, these results indicate that intrinsic factors do not play
a major causal role.

Epidemiological evidence

In parallel, numerous epidemiological studies have established strong evidence that many
cancers have substantial risk proportions attributed to environmental exposures (Extended
Data Table 2). Particularly, for breast and prostate cancers, it has long been observed that
large international geographical variations exist in their incidences (5-fold for breast cancer,
25-fold for prostate cancer)“, and immigrants moving from countries with lower cancer
incidence to countries with higher cancer rates soon acquire the higher risk of their new
country15v16. While several risk factors have been identified for these cancers, no single one
can account for their substantial extrinsic risk proportions, suggesting complex mechanisms
for their etiologies. Colorectal cancer is another high-incidence cancer that is widely
considered to be an environmental disease”, with an estimated 75% or more colorectal
cancer risk attributable to dietls. For many other cancers, known environmental risk factors
have also been identified. For example, for melanoma, its risk ascribed to sun exposure is
around 65—86%19, and for non-melanoma basal and squamous skin cancers, ~90% is
attributable to UVZO. At least 75% of esophageal cancer, or head and neck cancer are caused
by tobacco and alcohol”™ %, It is also well known that certain pathogens may dramatically
increase the risk of cancers. For instance, HPV may cause ~90% cases in cervical cancer23,
~90% cases in anal cancer24, and ~70% in oropharyngeal cancerzs; HBYV and HCV may
account for ~80% cases of hepatocellular carcinomaze; and H pylori may be responsible for
65-80% of gastric cancer27. These, along with many other reports, provide direct evidence
that environmental factors play important roles in cancer incidence and they are modifiable
through lifestyle changes and/or vaccinations.

Additionally, analyses of data from the Surveillance, Epidemiology, and End Results
Program (SEER) in U.S. between 1973-2012 demonstrate that while many cancers maintain
relatively consistent age-adjusted incidence rates, e.g. esophagus cancer, incidences for some
cancers, including melanoma, thyroid, kidney, liver, thymus, small intestine, extranodal non-
Hodgkin’s lymphoma (NHL), testis, anal and anorectal cancers, have been steadily
increasing and their current incidences are substantially higher than their historical minima
in the past 40 years28 (Extended Data Fig. 1). Moreover, the mortality trend of lung cancer
from 1930—201129, which usually mirrors its incidence trend, shows more than 15-fold
increase for lung cancer risk. These significant increases in incidence suggest that
substantial risk proportions are attributable to changing environments (e.g. smoking and air
pollutants to lung cancers). Collectively, nearly all major cancers have been covered in these
epidemiological studies, further supporting the hypothesis of substantial extrinsic risks for
most cancers. Remarkably, it should be noted that most of these cancers from the
epidemiological and SEER results, except for small intestine (which starts from a very low
risk although it is increasing), are located above the red “intrinsic” risk lines in Figs. 3a & 3b
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(blue points), and accounting for the external factors would move them closer to the
proposed ‘intrinsic’ line; thus further supporting the conjecture that the intrinsic line is
mainly defined by cancers without compelling known epidemiological risk whereas those
above are at higher risks due to extrinsic factors.

Analysis of mutational signatures

Besides epidemiological studies, we evaluated recent studies on mutational signatures in
cancer. These are regarded as fingerprints left on cancer genomes by different mutagenic
processesgo, revealing ~30 distinct signatures among various cancers31. Analysis of these
signatures was therefore used to shed light on the proportion of intrinsic versus extrinsic
origins of cancer. Two signature mutations, 1A/1B, demonstrated strong positive correlations
with age in the majority of cancers, suggesting that they are acquired at a relative constant
rate over the lifetime of cancer patients and thus likely result from intrinsic processes;
however, all other signature mutations (~30) lack the consistent correlations with age,
suggesting they are acquired at different rates in life and thus probably a consequence of
extrinsic carcinogen exposuresgl. Indeed, several mutational signatures have been linked to
known factors such as UV and smokingal, We therefore categorized the signatures into
intrinsic (type 1A/1B) and extrinsic mutations with known or unknown factors, and
summarized their corresponding percentages in the Extended Data Table 3. Significantly,
many cancers have substantial extrinsic mutations with known factors. More importantly,
cancers known to have substantial environmental risk proportions, e.g. Breast cancer ™,
Prostate cancerls, Colorectal cancer18, Melanomalg, Head & Neck cancer21, Esophageal
cancerzz, Cervical cancer23, Liver cancerze, and Stomach cancer27, all harbor large
percentages of total extrinsic mutational signatures. This suggests that the percentages of
total extrinsic mutational signatures can serve as a good surrogate for extrinsic cancer risks.
While a few cancers have relatively large proportions of intrinsic mutations (>50%), the
majority of cancers have large proportions of extrinsic mutations, for example, ~100% for
Myeloma, Lung and Thyroid cancers and ~80-90% for Bladder, Colorectal and Uterine
cancers, indicating substantial contributions of carcinogen exposures in the development of
most cancers.

Modeling theoretical intrinsic risk

Lastly, in another independent, model-driven approach to dissecting the risk contribution of
the intrinsic processes, we modeled the potential lifetime cancer risk due to intrinsic stem-
cell mutation errors by varying the number of hits (i.e. driver gene mutations), denoted by £,
required for cancer onset. We derived the probability distribution of the propagation of driver
gene mutations from one generation to the next, and subsequently established the theoretical
relation between cell divisions and the degree of lifetime cancer risk due to intrinsic cell
mutation errors alone, which we refer to as the theoretical lifetime intrinsic risk (¢L/R). To
overcome the limitation of inaccurate estimation in the reported stem cell numberss, we
calculated L /R using both the reported stem cell number (¢L/Rsc) and the total tissue cell
number (fL/Rt?). The latter is equivalent to assuming all homeostatic tissue cells to be stem
cells, representing an extreme overestimation of tissue stem cells, which consequently leads
to a conservative estimation of the upper bounds in #L/R. The somatic mutation rate in
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tumors is estimated to be 5 x 10710 per nucleotide site per cell division32‘34. Based on this,
in our initial calculation, we used an intrinsic mutation rate () of 1 x 1078 per cell division,
which is equivalent to approximately 20 mutable nucleotide sites for each driver gene where
the driver will mutate if at least one site mutates. As shown in Figs. 4a and 4b, if only one hit
(that is, mutation of one designated driver gene) is required to develop cancer, i.e. k=1, the
lifetime risk for almost all cancers is close to 100%. This confirms that one mutation is not
enough for cancer onset (otherwise everyone would theoretically acquire each type of
cancer). If two driver gene mutations are needed, k= 2, the modeled intrinsic risk becomes
small for cancers with small total number of stem-cell divisions; however it is still very large
for those with higher stem-cell divisions and even unreasonably large for some cancers by
surpassing the corresponding observed total lifetime cancer risks (Adjusted Basal, COAD,
Adjusted Melanoma, Small Intestine, AML and Duodenum). Therefore, it is unlikely that, at
least in these cancers, two hits will suffice to induce cancer. Now, if we consider the more
reasonable case where three mutations are requiredgs, k=3, almost all modeled intrinsic
risks (both L /Rsc and tL /Rt drops well below our earlier “intrinsic” risk lines estimated
conservatively from the observed data alone (red dashed lines estimated based on observed
data following the same mechanism as Fig. 3a). The lifetime risk drops even further for A=
4 and beyond. The extrinsic risks based on the 7L /Rscand tL /Rt have been summarized in
the Extended Data Table 4. Therefore, this modeling approach demonstrates that cancer risk
due to intrinsic stem-cell mutation errors alone is low for almost all cancers that require over
2 mutations, indeed it is lower than the relatively conservative estimate based on data alone
(red lines). Since the driver-gene mutation rate in stem-cell division is a key parameter, we
further conducted sensitivity analyses with different rates (r= 1 x 10719 to 1 x 107%) to
examine how this may impact the 7. /R (Extended Data Fig. 2 and 3). The results show that
for k=3, when r<1 x 1077 (~200 sites for each driver-gene hit), almost all modeled
intrinsic risks are below the observed “intrinsic” risk line (red lines); when r=1 x 1076
(~2000 sites for each driver-gene hit), the majority of modeled intrinsic risks are still well
below the observed “intrinsic” risk lines, particularly those with small total number of
divisions (Extended Data Fig. 2). For k=4, when r< 1 x 1076, almost all modeled intrinsic
risks are below the observed “intrinsic” risk lines estimated through the data-driven
approach (Extended Data Fig. 3). These sensitivity analyses demonstrate that our
conclusions are highly robust, and that the attribution of intrinsic mutations to lifetime
cancer risk through stem-cell divisions, particularly for those cancers with low risk, is rather
small, even using widely different intrinsic mutation rates.

In summary, we find that a simple regression analysis cannot distinguish between intrinsic
and extrinsic factors. We have provided a new framework to quantify the lifetime cancer
risks from both intrinsic and extrinsic factors based on four independent approaches that are
data-driven and model-driven, with and without using the stem-cell estimations. Importantly,
these four approaches provide a consistent estimate of contribution of extrinsic factors of
>70-90% in most common cancer types. This concordance lends significant credibility to
the overall conclusion on the role of extrinsic factors in cancer development.

Nature. Author manuscript; available in PMC 2016 June 16.



1duosnuey Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Methods

Page 7

Derivation of the probability of possessing k hits after n cell divisions for one cell

Based on the theory of the clonal stem-cell origin of cancer, in a given tissue, the stem cell
would first go through m rounds of symmetric divisions (for each division, each stem cell
would divide into two daughter stem cells) to reach a total of S stem cells (S = 27) at the
steady state. Subsequently, these S stem cells would go through a rounds of asymmetric
divisions (for each division, each stem cell would yield only one daughter stem cell)
throughout the lifetime of the tissue. This means the total number of lifetime stem cell
divisions/generations is: n = m + a. Information on the total number of symmetric and
asymmetric divisions as well as the total number of stem cells in steady state for various
tissues discussed in this work has been extracted from Table S1 of the supplementary
materials in Tomasetti and VogelsteinS. With k hits (mutations of & predetermined driver
genes) on a stem cell required for cancer onset, the number of possible cell state at a given
(stem cell) generation would be & +1, including a zero state with no hit. If we assume that
once a hit occurs, it cannot be reversed and therefore be carried to all progeny cells, then a
cell state may only transit from lower to higher or equal levels from generation to
generation. In the Extended Data Fig. 4, we demonstrate with kA= 3 the state transitions of
accumulating driver gene mutations. Let Xg denote the number of driver mutations
accumulated at generation g and r be the intrinsic driver gene mutation rate due to random
errors during DNA replication, the transition probabilities from generation gto g + 1 for all
possible states (0 < /< k) are derived as follows:

P(Xg+1=i)=ZP(Xg+1=ingj)P(X,q:j):Z( ]::J] ) I (1=r)" T P(X =)

In particular, for the emission state /= 0:

P(Xngl:O):(l_r)kP(Xg:O)

For the absorbing state /= &

k
P(Xg+1:k):27’k_JP(Xg:j)
i=0

Based on these, the computing algorithm is derived as follows:

1. Setthe initial cell state at generation O:

2. Forg=1,...,nand0 < /< k we compute the following probabilities iteratively:
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where nis the total number of divisions that one stem cell may experience during
its life time.

Derivation of the theoretical lifetime intrinsic risk (tLIR) of cancer for a given tissue

As mentioned afore, for stem cells in a specific tissue, we assume they undergo two phases
of divisions (Extended Data Fig. 5): (1) a total of m symmetric divisions before full tissue
development, and (2) a total of a asymmetric divisions for normal tissue turnovers. So in a
fully developed tissue, there are a total of S= 2" stem cells. For each stem cell, its
probability of possessing all & hits for cancer onset after 7= m+ adivisions is P(X, = K),
which can be calculated from the previous part. Therefore, the theoretical lifetime intrinsic
risk (fL/R) of developing cancer, i.e., the probability of at least one stem cell containing &
hits during its life time, can be expressed as:

tLIR=1—[1—P(X,,=k)]°

Estimating cancer risk for different tissues

The numbers of symmetric and asymmetric divisions for different tissues were adopted from
Table S1 in the supplementary materials of Tomasetti and Vogelstein5. In particular, the
number of symmetric divisions, m, is equal to the integer part of /og, Swhere S'is the
number of normal stem cells in tissue of origin in the Table S1°, and the number of
asymmetric divisions, @ was the column labeled ¢'in Table s1°. Sensitivity analyses have
been conducted for scenarios with a broad range of mutation rates, from 1 x 10710 to 1 x
1076, and several required hits (k = 1, 2, 3, 4).

Lower-bound estimates of extrinsic risks with the SEER data

As a program of the National Cancer Institute (NCI), SEER (Surveillance, Epidemiology,
and End Results Program) is a source of information on cancer incidence and survival in the
United States (http://seer.cancer.gov/). The age-adjusted cancer incidences were extracted
from the database “SEER 9 Regs Research Data, Nov 2014 Sub (1973-2012) <Katrina/Rita
Population Adjustment>", by using the SEER*Stat 8.2.1%. For several cancers, it has been
observed that their incidence rates have increased dramatically during the past 40 years
(Extended Data Fig. 1). For these cancers, it is reasonable to conjecture that anything above
the historical minimum incidence should be attributed to some environmental/extrinsic
factors. Therefore, we can establish the following inequality:

Extrinsic risk> (1—Historical minimum incidence rate/incidence rate at 2012).
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Correspondingly, the lower bounds of contributions by extrinsic factors for these cancers can
be calculated. As shown in Extended Data Fig. 1, some cancers show substantial
contributions from extrinsic factors.

Data and Statistical Analysis

The observed life time cancer risks and the cumulative number of divisions () of all stem
cells per lifetime are adopted from Table S1 of the supplementary materials by Tomasetti
and Vogelsteins. The total tissue cell divisions are from our evaluation of the data
(Supplementary Information). For the robustness analysis of Fig. 3 as tabulated in Extended
Data Table 1, error terms following the normal distribution with mean 0 and standard
deviations of 1 or 0.4 were added to the log10(total stem-cell division) or log10(total cell
division). These allows the number of total stem-cell and cell divisions to vary
approximately within a range of (1/100 ~ 100) or (1/5 ~ 5) fold(s), respectively. Based on the
new data set with measurement errors, the excess risks for each cancer were quantified. This
process is repeated for 1,000 times, based on which the mean, the 2.5% and the 97.5%
percentiles (namely the 95% confidence intervals) of the excess risk for each cancer are
tabulated. In computing the percent of intrinsic versus extrinsic mutations based on
mutational signatures from cancer genome, we define the intrinsic mutation as those with
signatures 1A/1B, and extrinsic mutation as all other mutational signatures (2-21, R1-R3,
U1 and U2). The corresponding data were obtained from the supplemental figures 59-88 in
Alexandrov et al . All statistical analyses and mathematical calculations were performed
using R version 3.1.2.
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Extended Data Figure 1. Examples of increased cancer incidence trends from 1973 — 2012
The cancer types include cervix uteri cancer, gallbladder cancer, esophagus cancer,

melanoma, thyroid cancer, kidney cancer, liver cancer, small intestine cancer, thymus cancer,
anal and anorectal cancer. The horizontal dashed line indicates the historical minimal
incidence. The vertical solid line indicates the most recent year. The number represents the
minimal percentage of extrinsic risk. The incidence rate is based on per 100,000 people.
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Extended Data Figure 3. Sensitivity analysis of different mutation rates on tLIR when the

number of hits (k) required is 4

Theoretical intrinsic lifetime risks (tLIR) for cancers have been calculated, based on five
different mutation rates (7= 1 x 10720, 1 x 1079, 1 x 1078, 1 x 1077, 1 x 1075). The red
dashed lines are the “intrinsic” risk lines based on the observed data following the same
estimation mechanism as the intrinsic risk line in Fig. 3a. The green (a) and blue (b) dashed
lines are the “intrinsic” risk lines estimated based on total reported stem cell numbers and

total homeostatic tissue cells, respectively.
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Extended Data Figure 4.
Intrinsic cancer risk modeling, Part 1/2: Propagation diagram of driver gene mutation states

between generations in one stem cell based on which the stem cell mutation transition
probabilities from one generation to the next are computed.
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Extended Data Figure 5.
Intrinsic cancer risk modeling, Part 2/2: Schema of stem-cell divisions and driver gene

mutations based on which the theoretical lifetime intrinsic risks (tLIR) for cancer due to k
driver gene mutations are computed.

Here every colored circle represents the mutation of a new driver gene in the given stem cell
(yellow: first mutation; green: second mutation; red: third mutation). If the mutation of 3
designated driver genes would induce a cancerous stem cell (k = 3), then this diagram shows
a cancer occurrence as the second stem cell in the last generation (generation ) has
accumulated all 3 driver gene mutations.
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Extended Data Table 1
Robustness analysis on total stem-cell divisions and cell

divisions estimates in Fig. 3

Measurement errors were added to log10(divisions) and 1000 simulations were carried out
to calculated the mean and 95% Confidence Interval (CI) of the excess risks. See Methods

for details.
Total stem-cell divisions (Fig. 3A) Total cell divisions (Fig. 3B)

Name Observed Risk | Log10 (divisions) | Excess risk E;(scoe/cs)sc;isik Log10 (divisions) | Excess risk E;(S&:oe/cs)scrligik
AML 0.0041 11.11 >0.871 [0.623, 0.962] NA NA NA
Basal cell 0.3 1255 >0.996 [0.985, 0.999] 14.42 >0.995 [0.99, 0.998]
Breast 0.123 NA NA NA 14.54 >0.987 [0.974, 0.994
CLL 0.0052 11.11 >0.899 [0.701, 0.973] NA NA NA
COAD 0.048 12.07 >0.980 [0.934, 0.995] 14.40 >0.971 [0.943, 0.986
FAP COAD 1 12.07 >0.999 [0.997, 1.000] 14.40 >0.999 [0.997, 0.999
Lynch COAD 0.5 12.07 >0.998 [0.994, 1.000] 14.40 >0.997 [0.994, 0.999
Duodenum? 3.00E-04 9.89 - - NA NA NA
FAP Duodenum 0.035 9.89 >0.993 [0.980, 0.998] NA NA NA
Esophageal 0.00194 9.08 >0.906 [0.748, 0.975] NA NA NA
Gallbladder 0.0028 7.89 >0.967 [0.922, 0.991] NA NA NA
Glioblastoma 0.00219 8.43 >0.943 [0.868, 0.984] NA NA NA
Head & neck 0.0138 10.50 >0.973 [0.921, 0.992] NA NA NA
HPV Head & neck 0.07935 10.50 >0.995 [0.985, 0.999] NA NA NA
Hepatocellular 0.0071 11.43 >0.906 [0.720, 0.975] 13.41 >0.932 [0.872, 0.969
HCV Hepatocellular 0.071 11.43 >0.991 [0.969, 0.998] 13.41 >0.993 [0.986, 0.997
Lung (nonsmoker)3 0.0045 9.97 >0.938 [0.835, 0.982] 15.2 - -
Lung (smoker) 0.081 9.97 >0.997 [0.990, 0.999] 15.20 >0.958 [0.905, 0.982.
Medulloblastoma? 0.00011 8.43 - - NA NA NA
Melanoma 0.0203 11.88 >0.960 [0.872, 0.990] NA NA NA
Osteosarcoma 0.00035 7.47 >0.790 [0.459, 0.947] 11.79 >0.762 [0.568, 0.887
Arms osteosarcoma’’ 4.00E-05 6.66 - - 10.99 - -
Head osteosarcoma® 3.02E-05 6.78 - - 111 - -
Legs osteosarcoma 0.00022 7.05 >0.727 [0.306, 0.930] 11.37 >0.761 [0.537, 0.889]
Pelvis osteosarcoma” 3.00E-05 6.50 NA NA 10.81 - -
Ovarian germ cell 0.000411 7.34 >0.832 [0.573, 0.958] NA NA NA
Pancreatic ductal 0.013589 11.54 >0.948 [0.805, 0.987] NA NA NA
Pancreatic islet? 0.000194 9.78 - - NA NA NA
Prostate 0.14 NA NA NA 11.81 >0.999 [0.999, 1]
Small intestine’,* 7.00E-04 11.47 - - 14.22 - -
Testicular 0.0037 9.53 >0.942 [0.843, 0.984] 13.02 >0.914 [0.835, 0.959
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Total stem-cell divisions (Fig. 3A) Total cell divisions (Fig. 3B)
- . : Excess rigk . : Excess rigk
Name Observed Risk | Log10 (divisions) | Excess risk 950 CI1 Log10 (divisions) | Excess risk 050 CI1
Thyroid follicular 0.01026 8.77 >0.986 [0.964, 0.996] NA NA NA
Thyroid medullary 0.000324 7.77 >0.731 [0.308, 0.928] NA NA NA

JConfidence Interval.
2Cancers used to compute the “intrinsic” risk line based on total stem-cell divisions.
Cancers used to compute the “intrinsic” risk line based on total cell divisions. NA: data not available.
Extended Data Table 2

Epidemiological studies on the extrinsic risks of various cancers.

Cancer Types Extrinsic risk | Examples of potential extrinsic risk factorsl
Breast substantial %rizlt’c:nqgsfﬁgtzib Eg:fnvt\jg% rrﬁg)lacement therapy, lifestyle
Prostate substantial Diet, obesity, smoking

Lung >90% Smoking; air pollutant

Colorectal >75% Diet, smoking, alcohol, obesity

Melanoma 65-86% Sun exposure

Basal cell ~90% uv

Hepatocellular ~80% HBV, HCV

Gastirc 65-80% H. pylori

Cervical ~90% HPV

Head & Neck ~75% Tobacco, alcohol

Esophageal >75% Smoking, alcohol, obesity, diet

Oropharyngeal ~70% HPV

Thyroid >72% Diet low in iodine, radiation

Kidney >58% Smoking, obesity, workplace exposures

Thymus >T7% Largely unclear

Small intestine >61% Diet, smoking, alcohol

E/ﬁ?ﬁggg (n’\cl):j'—LH)odgkin’s >71% Chemicals, radiation, immune system deficiency
Testis >45% Largely unclear

Anal and anorectal cancers >63% HPV, smoking

'thtp://Www.cancer.org/cancer
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Extended Data Table 3
Percentages of intrinsic vs. extrinsic mutational

signatures (MS) with known and unknown causes in
different cancer types

Intrinsic MS includes signatures 1A/B, and extrinsic MS includes signatures 2-21, R1-R3,
U1 and U2, excluding signature 11 for Temozolomide, an alkylating agent used for
chemotherapy. The blue, yellow and red colors highlight cancers that are have substantial
extrinsic risk proportions based on epidemiological, MS with known causes and, MS with
ur;linown causes, respectively. (Data from the supplemental figures 59-88 in Alexandrov et
al™)

Extrinsic MS - Extrinsic MS -
Intrinsic MS Known Unknown | Extrinsic MS - Total
ALL 65.8 34.2 0 34.2
AML 100 0 0 0
14.2 71.2
355 60.1
253 74.7
CLL 76.7 233
17.1 66
48 253
Glioblastoma 53.8 0
Glioma-Low Grade 9.2 2.8
24.9 75.1
Kidney Chromophobe 17.4 375
Kidney Clear Cell 66.5 4.1
Kidney Papillary 0 15.7
10.9 21.3
9.1 73.8
0 92.8
0 47
Lymphoma B-cell 46.3 334
Medulloblastoma 48.4 0
7.2 90.9
Myeloma 0 19.9
Neuroblastoma 53.2 0 46.8 46.8
Ovarian 36.6 63.4 0 63.4
Pancreatic 49.9 50.1 0 50.1
Pilocytic Astrocytoma 825 0 175 175
32.2 10.2
22.3 6.1
Thyroid 0 39.7
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Extrinsic MS - Extrinsic MS -
Intrinsic MS Known Unknown | Extrinsic MS - Total
Uterine 10.7 65.5 23.8 89.3

Extended Data Table 4
Percentages of extrinsic risks based on the reported

stem-cell estimates and total homeostatic tissue cells, as
shown in Fig. 4

Extrinsic risk = 1 — (¢L/Rsc or {LIRth/observed risk. H.T.O.: Higher than the observed.

Extrinsic Risks Based on stem cell estimates Based on total homeostatic tissue cells
Cancer Type k=1 k=2 k=3 k=4 k=1 k=2 k=3 k=4

AML HT.O. | HT.O. | 1.000 | 1.000 | H.T.O. H.T.O. 0.465 1.000
Basal cell H.T.O. | 0462 | 1.000 | 1.000 | H.T.O. H.T.O. 1.000 1.000
CLL HT.O. | HT.O. | 1.000 | 1.000 | H.T.O. H.T.O. 0.578 1.000
COAD HT.O. | HT.O. | 0.999 | 1.000 | H.T.O. H.T.O. 0.928 1.000
FAP COAD HT.O. | 0.630 | 1.000 | 1.000 | H.T.O. H.T.O. 0.997 1.000
Lynch COAD H.T.O. | 0.260 | 1.000 | 1.000 | H.T.O. H.T.O. 0.993 1.000
Duodenum HT.O. | HT.O. | 1.000 | 1.000 | H.T.O. H.T.O. 0.986 1.000
FAP Duodenum H.T.O. | 0.977 | 1.000 | 1.000 | H.T.O. H.T.O. 1.000 1.000
Esophageal HT.O. | 0946 | 1.000 | 1.000 | H.T.O. H.T.O. 0.997 1.000
Gallbladder H.T.O. 1.000 | 1.000 | 1.000 | H.T.O. 0.974 1.000 1.000
Glioblastoma HT.O. | 0995 | 1.000 | 1.000 | H.T.O. H.T.O. 1.000 1.000
Head & neck H.T.O. | 0.631 | 1.000 | 1.000 | H.T.O. H.T.O. 0.997 1.000

HPV Head & neck HT.O. | 0.936 | 1.000 | 1.000 | H.T.O. H.T.O. 0.999 1.000

Hepatocellular H.T.O. | 0572 | 1.000 | 1.000 | H.T.O. H.T.O. 1.000 1.000

HCV Hepatocellular | H.T.O. | 0.957 | 1.000 | 1.000 | H.T.O. H.T.O. 1.000 1.000

Lung (nonsmoker) H.T.O. | 0971 | 1.000 | 1.000 | H.T.O. H.T.O. 1.000 1.000

Lung (smoker) HT.O. | 0.998 | 1.000 | 1.000 | H.T.O. 0.388 1.000 1.000

Medulloblastoma H.T.O. | 0.904 | 1.000 | 1.000 | H.T.O. H.T.O. 1.000 1.000

Melanoma HT.O. | 0.444 | 1.000 | 1.000 | H.T.O. 0.444 1.000 1.000

Osteosarcoma H.T.O. | 1.000 | 1.000 | 1.000 | H.T.O. 0.624 1.000 1.000

Arms osteosarcoma H.T.O. 0.999 1.000 | 1.000 H.T.O. 0.269 1.000 1.000

Head osteosarcoma H.T.O. 0.999 1.000 | 1.000 H.T.O. 0.032 1.000 1.000

Legs osteosarcoma H.T.O. 1.000 1.000 | 1.000 H.T.O. 0.718 1.000 1.000

Pelvis osteosarcoma | H.T.O. 1.000 1.000 | 1.000 H.T.O. 0.542 1.000 1.000

Ovarian germ cell HT.O. | 0.999 | 1.000 | 1.000 | H.T.O. 0.999 1.000 1.000
Pancreatic ductal H.T.O. | 0.806 | 1.000 | 1.000 | H.T.O. H.T.O. 1.000 1.000
Pancreatic islet HT.O. | 0.611 | 1.000 | 1.000 | H.T.O. H.T.O. 1.000 1.000
Small intestine HT.O. | HT.O. | 0.998 | 1.000 | H.T.O. H.T.O. 0.684 1.000
Testicular HT.O. | 0.973 | 1.000 | 1.000 | H.T.O. H.T.O. 0.999 1.000
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Extrinsic Risks Based on stem cell estimates Based on total homeostatic tissue cells

Cancer Type k=1 k=2 k=3 k=4 k=1 k=2 k=3 k=4

Thyroid follicular H.T.O. | 1.000 | 1.000 | 1.000 | H.T.O. 0.866 1.000 1.000

Thyroid medullary HT.O. | 0.999 | 1.000 | 1.000 | H.T.O. 0.785 1.000 1.000

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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|

Cancer Risk

Extrinsic factors

Figure 1. A schematic view of how intrinsic processes and extrinsic factors are related to cancer

risks through stem-cell division

This hypothesis maintains the strong role of stem-cell division in imparting cancer risk, but

it also illustrates the potential contributions of both intrinsic and extrinsic factors, both

operating through stem-cell division. Other effects, e.g. through division of non-stem cells,

are not considered here.
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Figure 2. Correlation analysis of stem-cell division and cancer risk does not distinguish

contribution of extrinsic vs. intrinsic factors to cancer risk

Page 20

The black dots are data in Fig. 1 (also tabulated in Supplementary Table S1) of the original
work by Tomasetti and Vogelsteins. The black line was their original regression line. The

blue diamonds represent the hypothesized quadrupled cancer risks due to hypothetical
exposure to an extrinsic factor such as radiation. The blue regression line for the
hypothetical risk data maintains the same correlation as the original black line, albeit
reflecting a much higher contribution of extrinsic factors to cancer risk.

Nature. Author manuscript; available in PMC 2016 June 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wu et al.

FAP COAD
o- (>99:9%)
Lynch COAD;  Basal cell
(>99.8%))  (>99.5%)
\
H 1
Lung (smoker) HPV head & neck ' '
2 - 9(‘)99_7%,’ (>99.5%)  HCV Hepatocelllar_—+
£ [ i 999%) - COA}'
uodenum! ; H °(>97.9%)
(>99.3%] | " Pancreatiefluctal _ Mt .
2 Thyroid follicular :?"3;"‘""°k L oa1o o Melanoma
1SN (98.8%) o eoT3g 7% T (495.6%)!
= AR asticilar | : CLL Hepatocdllular |
Q Gallbladder : (>94.5%) | g (non- *893%) $(290.5%) | !
] (>97.47 lioblastomaESOPhagealt 1T smoker) AM!.J i 1 !
S 00\'\(\2 Osteosarcoma’ (95.3%)" | (>92%)—T 11(>94%) 1 (>86.5%) 1| D :
: 1 i H
5 7 @ ©84%) ! S : R
2 ' o Ovarian S 1o ! R
—_— o) (>87.4%), Thynoierfedullary' ! ' I ! __----7" Small intestine
egs osteosarcoma.( S79. r:'y: H : D‘{‘f‘?’!"»’“' "
>80.5%) A 1 N e
e i 1_--="""" Pancreatic islet
< - DA 1 P
" A " | |__-1-""" Medulloblastoma “intrinsic” risk line
rms oste: rcoma T
Vis o steééa‘r‘c;a rn'a Head osteosarcoma
w |
1
T T T T T T T T
6 7 8 9 10 11 12 13
log10(Total Stem Cell Division)
FAP COAD
7
o- (>99,9%)
Lynch com‘
(>99.7%) 1, Basal cell
o )
3 reast
% - T HCV(I‘:;g-z:t;:;euular n Y(>9 ] L;l(r;gés“r:;(;ker)
1%
= : T g :
o ! : : :
| T !
(0] i Regression line 1 ' !
£ ! H 4 '
= i FFlepatocellular 1 | !
! ! Testicul lepatocellular i ' A
“q_) : ‘esticul :)r ? 3.6 i i ,* - &
= .
=l : | _Lung (fion-smoker)
= ™ | H =
= ' il o
o [ 1 : g - ’.
L2 Legs osteosar: 10steosarcoma e sen” Small intestine
o) i (>77.6%) P
B “intrinsic” risk line
Pelvis Head
LK;) 4

10 1 12 13 14
log10(Total Cell Divisions)

15

Page 21

Figure 3. Estimation of the proportion of lifetime cancer risk that is not due entirely to “bad
luck” based on: (a). total tissue stem-cell divisions originally reported in Tomasetti and

Vogelstein ", and (b). total tissue cell divisions

Here red dots are cancers used to compute the “intrinsic” risk linear regression lines (red
dashed lines). Blue dots are cancers known to have substantial extrinsic risks from
epidemiology studies. The numbers in parentheses are the estimated percentages of cancer

risks due to factors other than intrinsic risks.
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Figure 4. Theoretical lifetime intrinsic risks (tLIR) for cancers based on different number of hits
(k) required for cancer onset

The green (a) and blue (b) dashed lines are the “intrinsic” risk lines estimated based on total
reported stem cell numbers and total homeostatic tissue cells, respectively. The intrinsic
stem cell mutation rate (/) is assumed to be 1 x 1078 per cell division. The red dashed lines
are the “intrinsic” risk lines estimated based on the observed data using the same mechanism
as Fig. 3a. Adj. Basal and Adj. Melanoma represent cancer risks after adjusting for the effect
of sun exposure and UV.
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