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Substantial contribution of extrinsic risk
factors to cancer development

Somg Wu'?, Scott Powers"%, Wei Zhu'® & Yusuf A. Hannun®?4-=5

Recent research has a strong correlation between tissue- cancer risk and the lifetime number of
fissue- stem-cell divisions. Whether such correlation a high unavoidable intrinsic cancer risk has become
a key public health debate with the dissemination of the “bad luck® Here we evidence that intrinsic
risk factors coniribute only modesily (less than ~10-30% of lifetime risk) to cancer development. First, we demonstrate
that the correlation between stem-cell division and cancer risk does not between the effects of intrinsic
and exirinsic factors. We then 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.

, we conclude that cancer risk is heavily influenced by

extrinsic factors. These resulis are imporiant for sirategizing cancer prevention, research and public health.

Cancers were once thought to originate from mature tissue cells that
underwent dedifferentiation in rtspmtummrpmgrﬂsiun'. Today,
cancers are proposed to originate from the malignant transformation of
normal tissue progenitor and stem cells™?, although this is not wholly
accepted’, Nevertheless, recent reseanch has highlighted a strong cor-
relation of 0.81 between tissue-specific cancer risk and the lifetime
population size in cumulative number of cell divisions of tissue-
specific stem cells®. However, there has heen controversy regarding the
conclusion that this correlation implies a very high unavoidable risk for
many cancers that is due solztymﬂu intrinsic baseline Pﬂ):htinn size
of tissue-specific stem cells™", against the bad luck’
hypothesis have been made® ', yet none of these have offered specific
alternatives to quantitatively evaluate the contribution of extrinsic risk
factors in cancer development. Applying several distinct modelling
approaches, here we provide strong evidence that unavoidable intrin-
sic risk factors contribute only modestly (less than ~10-30%) to the
development of many common cancers,

‘We made 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 ultraviolet (V) radiation, ionizing radiation and carcinogens). For

, radiation can cause DNA damage, which would primarily

result in deleterious mutations with functional consequences on cancer

only after cell division. Therefore, extrinsic factors may

act through the accomulation of genetic alterations during cell division

to increase cancer risk. Accordingly, cancer risk would result from those

apparently uncontrollable intrinsic processes (Fig. 1, arrow 1) as well

as from those highly modifiable and thus preventable extrinsic factors
(Fig. 1, armow 2).

Correlation cannot differentiate risks

According to the above hypothesis, both intrinsic and extrinsic factors
can impart cancer risk through the accumulation of these errors, espe-
cially the ‘driver mutations’ (Fig. 1, arrow 3). 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 dlustrated throngh o thooght
experiment where we consider a hypothetical scenario of a sudden
global emergence of a very potent mutagen, such as a strong radiation
burst from a nuclear fallout, which quadruples the lifetime risks for all
cancers. In this scenarin, it transpires that the proportion of cancer risk
caused by intrinsic random errors would be small (at most one-quarter
if we assume all of the original risk was due to intrinsic processes).
However, if we conduct regression analyses on either the new hypo-
thetical cancer risks or the current cancer risks as reported, against
the number of stem-cell divisions®, the correlations from both cases
would be 0.81 (Fig, 2). This thought experiment negates the ability of
the correlation to detect solely the contribation of intrinsic factors as
it cannot distinguish between intrinsic and extrinsic factors. Thus, it
argues agninst the implication that around two-thirds of variation could
be explained by division-related random intrinsic errors,

Lower bound inirinsic risk line

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-examined the quantitative relationship
between the ohserved lifetime cancer risk and the divisions of the
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Figure | | Schematic showing how intrinsic processes and extrinsic
factors relate to cancer risks throngh stem-cell division. This hypothesis
maintains the strong role of stem-cell division in imparting cancer risk, but
it alsn illustrates the potential contribations of both intrinsic and extrinsic
factors sperating throngh stem-cell division. Other effects, for example,
through division of noen-stem cells, are considered later in this analysis.
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Figunre 2 | Correlation analysis of stem-cell division and cancer risk
does not distingnish contribution of extrinsic versus intrinsic factors
to cancer risk. The black dots are data from figure 1{also shown in
supplementary table 1) of Tomasetti & Vogelstein®, and the black line
shows their original regression line. The blue diamonds represent the
bypothesized quadrupled cancer risks due to hypothetical exposure to

an extrinsic factor such as radiation. The blue regression line for the
bypothetical risk data maintains the same correlation as the original black
line, albeit reflecting a much higher contribution of extrinsic factors to
cancer risk.

normal tissue stem cells as lqrartad‘,wiﬂla distinct alternative method.
Ohr rationale was that intrinsic risk, or indeed its upper bound, can
be better estimated by the lowest boundary on the plots of cancer risk
versus total tissue stem-cell divisions {Fig, 3a, red ‘Intrinsic’ risk line),
meaning that intrinsic cancer risk should be determined by the cancer
incidence for those cancers with the least risk in the entire group con-
trolling for total stem- cell divisions (Fig. 3a, red dots). The argument
here is that cancers with the same number of 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 versus non-smokers, then
this probably reflects additional (and probably extrinsic) risk factors
(smoking in this case). (One coubd argue that the low-incidence tomoor
types may have lower incidences because of additional genetic repair
mechanisms that restrict evolving malignant cells from accomulat-
ing sufficient mumbers of genetic alterations required to become fulby
tumorigenic; however, without more specific data on the operation of
repair mechanisms, these could drive the risk up or down, depend-
ing on whether they are less or more efficient in any particular tissue.
According to our hypothesis, intrinsic risk from stem-cell divisions
would define the lowest bound for a given number of stern-cell divi-
ﬂnns.lim‘d"ortmdeﬁman “intrinsic’ risk line for stem-cell divisions
smallest cancer risks on number of stem-
cdlrmm(ﬁg.h.udhm} The‘im:l1r|:|?{w themselves are
still probably cverestimates for the intrinsic risk; however, we should
suspect that any cancer risk above that line implies additional biologic
determinants, on the basis of which we can compute the percentage of
cancer risk not explained by intrinsic ‘randomness. As shown in Fig. 3a,
maost cancer types have very high excess risks relative to the ‘intrinsic’
risk line, indicating large proportions of risks that are unaccounted for
by the intrinsic factors, typically larger than 90%. Moreover, these esti-
mated 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).

Extrinsic risks by tissue cell rnover

Although we performed the initial analysis from a ‘stem-cell theory”
point of view, we wanted to evaluate if our results are dependent on
this specific theory or i nt of it. Furthermaore, the lack of reli-
able data on human tissue stem-cell dynamics is a notable concern
(see Supplementary Information), rendering the analysis in Fig. 3a less
determinate. Thus, we se collected data for the total number
of tissue cell divisions that is based on homeostatic tissue cell numbers

and their turnover rates (see Supplementary Information), and ana-
I}rsadtl'lcrtl.al.i.mls]ﬁp of cancer risk versus total tissue cell divisions
( 3b). This divi celltobea n-
cancer-initiating cell, whldiw;uv]dﬂ;c an.q:;ghmm ﬂfaﬁ:lﬂ'
cell-of-origin theory of cancer whereby tumours may originate from
a hierarchy of cells, from stem cells to committed progenitor cells to
differentiated cells®, Mathematically, this can also be considered as an
extreme form of stem-cell theory where the fraction of stem cells is 1
{this latter formulation then provides an upper hound 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 versus intrinsic risks, we applied the
same rationale and d the smallest cancer risks on any given
number of cell divisions (Fig. 3b, red line). Although we could only find
reliable turnover data for a subset of tissues, it is remarkable that the
conclusion drawn here is nearly identical to that in Fig. 3a; that is, large
proportions of risks that may not be attributable to intrinsic factors are
mostly higher than 90%. It is important to note that here we included
breast and prostate cancers—two high-incidence cancers missing in the
original stcmcellanalyuf.ﬂ.gmmplanghlenmmmenmshwz
been added to the total cell divisions, and the excess risks remained
almost identical { Extended Data Table 1). In summary, irrespective of
whether a snbpnﬂla‘lmn or all dividing cells contribarte to cances, these
results indicate that intrinsic factors do not play a major causal role,

Epidemiological evidence
In parallel, numerous epidemiological studies have cstahhshzd.
strong evidence that many cancers have substantial risk
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 inci-
dence rates {for example, Western Europe has the highest incidence
of breast cancer, which is almost 5 times higher than areas such as
Eastern Asia or Middle Africa; Anstralia/Mew Zealand has the highest
incidence of prostate cancer, which is almost 25 times higher than
areas such as South-Central Asia)', and immigrants moving from
countries with lower cancer incidence to countries with hi cancer
rates soon acquire the higher risk of their new country' %, While
several risk factors have been identified for these cancers, no sin-
gle one can account for their substantial extrinsic risk proportions,
suggesting complex mechanisms for their aetiologies. Colorectal
cancer is a high-incidence cancer that is widely considered to be an
environmental disease'”, with an estlmatzd?i‘lﬁ or more of colorec-
tal cancer risk attributable to diet™®. For other cancers, known
environmental risk factors have also been identified. For example,
for melanoma the risk ascribed to sun exposure is around 65-86%"%,
and for non-melanoma basal and squamous skin cancers ~30% is
attributable to UV radiation®. At least 75% of nesophageal cancer,
or head and neck cancer, is caused by tobacco and alcohol*22, It
is also well known that certain pathogens may markedly increase
the risk of cancers. For instance, human papilloma virus may cause
~90% of cervical cancer cases™, ~90% of anal cancer cases* and
~70% of oropharyngeal cancer cases™; hepatitis B and C may account
for ~80% of hepatocellular carcinoma cases™; and Helicobacter pylori
m::rllu responsible for 65-80% ofgasu-iccs.ncen:ast:”. These, alo

ith many other reports, provide direct evidence that environment
factors play important roles in cancer incidence and they are modifi-
aHzThmughllfzstylcd‘lﬁngrsand.l’u’wmnﬂlmm

Additionally, analyses of data from the Surveillance, Epidemiology,

and End Results Frogram (S3EER) in the USA between 1973-2012
demonstrate that while many cancers have declining or maintain rel-

T consistent age-adjusted incidence rates (for le, cervical,
gallbladder and oesophageal cancers, Extended Data Fig. 1), incidences
of some cancers (inclhuding melanoma, thyreid, kidney, liver, thyrmus,
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Figure 3 | Estimation of the proportion of lifetime cancer risk that is not
dne entirely to “bad Inck® a, b, Estimations based on total tissne stem-cell
divisions originally reported in Tomasetti & 'Vl:g:l.sl:irls (a) and total tissue
cell divisions (b). Red dots are cancers used to compute the “intrinsic’ risk

small intestine, sxtranodal non-Hodgkin lymphoma, testicular, anal
and anorectal cancers) have been steadily increasing, and their cur-
rent incidences are substantially higher than their historical minima
in the past 40 years'"® (Extended Data Fig. 1). Moreover, the mortality
trend of lang cancer from 1930-2011 (ref. 29), which usually mirrors
its incidence trend, shows a more than 15-fold increase for lang cancer
risk. These substantial increases in incidence suggest that large risk
proportions are attributable to changing environments (for example,
smoking and air pollutants and their role in the rlskncfd:v!lnpmglnns
cancer). Collectively, nearly all major cancers have been covered in
these epidemiological studies, further supporting the hypothesis of sub-
stantial extrinsic risks for most cancers. Notably, most of these cancers.
from the epidemiological and SEER results, except for small intestine,
are located above the red “intrinsic’ risk lines in Fig, 3a, b (blue points).
Accounting for the external factors would move them closer to the
proposed ‘intrinsic’ line, further supporting the conjecture that the
intrinsic ling is mainly defined by cancers without compelling known
epidemiological risk, whereas those above are at higher risks owing to
extrinsic factors,

Imﬂrmsunm lines {red dashed lines). Blue dots are cancers known to
have insic risks from epidemiclogy studies. The numbers
in parentl mtll: i d per ges of cancer risks that are due to
factors other than intrinsic risks.

Analysis of mutational

In addition to epidemiological studies, we evaluated recent studies on
mutational signatures in cancer, These are regarded as Tingerprints’
left on cancer genomes by different mutagenic , revealing
~30 distinct signatures among various cancers’. Analysis of these sig-
natures was therefore used to shed light on the proportion of intrinsic
wersus extrinsic origins of cancer. Two signature mutations, 1A/18B
(see ref. 31}, demonstrated strong positive correlations with age in the
majority of cancers, ng that are red at a relativel
mmnq.; rate over the mﬂzdmﬂiﬂpﬁmﬂﬂnd mp‘nbilll¥
result from intrinsic processes; however, all other signature mutations
(30} lack the consistent correlations with age, suggesting that they are
acquired at different rates in life and thus are probably a consequence of
extrinsic carcinogen exposures™. Indeed, several mutational signatures
have been linked to known factors such as UV radiation and smoking™.
We therefore categorized the signatures into intrinsic (type 1A/1B)
and extrinsic mutations with known or unknown factors, and sum-
marized their corresponding percentages in Extended Data Table 3.
Notably, many cancers have substantial extrinsic mutations with
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Fignre 4 | Thenretical lifetime intrinsic risks (t1LIR) for cancers based
on different number of hits (k) required for cancer onset. a. b, The green
(a) and bloe (b) dashed lines are the ‘intrinsic’ risk lines estimated on the
basis of total reported stem-cell numbers and total homeostatic tissue cells,
respectively. The intrinsic stem-cell mutation rate {r} is asumed to be

known factors. More importantly, cancers known to have sli:lsr.amial
zmlrnnmrmal risk prapc-runni for example, breast cancer™, prostate
cancer', colorectal cancer'®, melanoma'”, head and neck cancer®,

oesophageal cancer', cervical cancer™, liver cancer’® and stomach
cancer”, all harbour large percentages of total extrinsic mutational
signatures. This suggests that the percentages of total extrinsic mita-
tional 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 thy-
roid cancers and ~-80-90% for hladder, colorectal and uterine cancers,
indicating substantial contributions of carcinogen exposures in the
development of most cancers.

Modelling theoretical lifetime intrinsic risk

Finally, in another independent model-driven approach to dissect-
ing the risk contribution of the intrinsic processes, we modelled the
potential lifcllmccam:er risk due to intrinsic stem-cell mutation
ErTOrs ing the number of hits (that is, driver gene mutations),
denoted by k, rﬁm:td fior cancer onset. We derived the probability
dlsl.erLruun of the propagation of driver gene ml.mtiuns from one
generation to the next, and subsequently established the theoretical
relationship 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 {tLIR). To overcome the limita-
tion of inaccurate estimation in the reported stem-cell numbers®, we
calculated tLIR using both the ed stemn-cell number (tLIRsc)
and the total tissue cell number (tLIRtt). 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 tLIR. The somatic
mutation rate in tumours is estimated to be 5 % 10— per nocleo-

tide snepr_ralldwlsmﬂn -3% (i this basis, in our initial calculation
we used an intrinsic mutation rate (r] of 1 % 10~ per cell division,
which is equivalent to approsimately 20 mutable nuclectide sites for
each driver gene where the driver gene will mutate if at least one site
mutates, As shown in Fig. 4a, b, if only one hit (that is, mutation of
one designated driver gene) is required to develop cancer—that is,
k= 1—the lifetime risk for almost all cancers is close to 100%. This
confirms that one mutation is not encugh for cancer onset (other-
wise everyone would theoretically acquire each type of cancer), If
two driver gene mutations are needed, k= 2, the modelled intrinsic
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1%t per cell division. The red dashed lines are the ‘intrinsic' risk lines
estimated on the basis of the shaerved data using the same mechanism

as Fig. 3a. Adjusted (adj.} basal and adjusted m:fannma represent cancer
risks after adjusting for the effect of sun exposore and UV radiation. AML,
acute myeloid lenkaemia_

risk becomes small for cancers with a 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 surpass-
ing the corresponding observed total lifetime cancer risks (adjusted
basal cell carcinoma, colon adenocarcinoma, adjusted melanoma,
small intestine cancer, acute myeloid leukaemia and duodenal cancer;
Fig, 4a). It is therefore unlikely that, at least in these cancers, two hits
will suffice to induce cancer. As shown in Fig. 4, if we cunslderﬂl:
maore reasonable case where three mutations are

almiost all modelled intrinsic risks {both tLIRsc and tLIIm} d
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 life-
time risk drops even further for k=4 and beyond. The extrinsic risks
based on the tLIRsc and tLIRtt are further summarized in Extended
Data Tahle 4. This modelling approach demonstrates that cancer risk
due to intrinsic stem-cell mutation errors alone is low for almost all
cancers that require over two mutations, indeed it is lower than the
relatively conservative estimate based on data alone (red lines, Fig. 4).
As the driver %:nemmaunn rate in stem-cell division is a key para-
meter, we further conducted sensitivity analyses with different rates
{r=1%10"""to 1 % 10~") to examine how this may affect the tLIR
{Extended Data Figs 2 and 3). The results show that for k=3, when
r< 1% 1077 (~200 sites for each driver gene hit), almost all mod-
elled intrinsic risks are below the observed ‘intrinsic’ risk line {red
lines); when r= 1 10 (~2,000 sites for each driver gene hit), the
majority of modelled 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 » 10-°, almost
all modelled intrinsic risks are below the observed ‘intrinsic’ risk lines
estimated through the data-driven (Extended Data Fig. 3).
These sensitivity analyses demonstrate that our conclusions are highly
robust, and that the attribution of intrinsic muotations to lifetime can-
cer 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 pro-
vided a new framework to quantify the lifetime cancer risks from
both intrinsic and extrinsic factors on the basis of four i ent
approaches that are data-driven and model-driven, with and without
using the stem-cell estimations. Importantly, these four approaches
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provide a consistent estimate of contribution of extrinsic factors of
=70-90% in most common cancer types. This is consistent with the
overall conclusion regarding the role of extrinsic factors in cancer
development.
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METHODS

Data reporting. Mo statistical methods were used to preds sumple size. The
experiments were not randemized and investigatons were ot blinded to allocation
cluring experi and

Derivation of the probability of possessing k hits after n cell divisions for one
cell. On the basis of the theary of the conal stem-cell origin of cances, in a given
tinme the stem cell would first go through a rounds of symmetric divisions (for
each division, sach stem cell would divide into two danghter stem cells) to reach
a total of 5 stem cells (§=2") at the steady state. Sul ntly, these § stem cells
would go through a rounds of asymmetric divisions {for each division, each stem
cell wonld yield onby ane deughter stem cell) throughous the lifetime of the tissue.
This means that the total rounds of lifetime stem-cell divisions per generation
is = m + a. Information on the total rounds of symmetric and asymmetric
divisicrs as well as the total nomber of stem cells in the steady state for various
tissues discussed in this work has been extracted from sapplementary table |

Derivation of the theoretical lifetime intrinsic risk ({L1R) of cancer for a given
timpe. As mentioned previously, we assume sem cells in a specific tissoe undergn
e phases of divisions (Extended Data Fig. 5): (1) a toeal of i symmetric divisions
before full tissue development, and (2) a total of @ asymmetric divisions for nor-
nu]uzlznmmn&:maﬁ:l{“ developed tissoe, there is a total of 5= 2 stem
cells. For each stem cell, the probability of possessing all k hits for cancer onset
afber =+ a rounds of divisions is UG = k), which can be calculated from the
previous part. Therefore, the theoretical lifetime intrinsic risk {tLIR) of developing
cancer—that is, the probability of at keast one stem cell containing & hits during its
lifetime —can be expressed ax ¢

tLIR =1 = [1 = PN = &}

Estimating concer risk for different tissnes. The rounds of symmetric and asym-
mdn:d:mmfm’dl&m:thnuﬂmaﬂq:bﬂ{ﬁ'mumwlmmuq{hbh Lat
Ti i B | " In particular, the rounds of symmetric divisions, o, is

of Tomasetti & Vogelstein®. With k hits af k pred d driver
genes) an a stem cell required for cancer anset, thnumbﬂ'n‘pnnll:l:cdl:ﬂn
of a given stem-cell generation would be k+ 1, including a rero 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 transition from bowes te
higher ar equal kevels from i o g In deid Diata Fig. 4, we
demaonstrate with k= 3 the state r.rmnhumufaﬂ:nnwl.tlng driver gene muta-
tions. Let X, denote the number of driver gene mutations accumulated at gen-

eration g, and r be the intrinsic driver gene mutation rate due to random errars
during DNA replication; the transition probabilities to generation g+ 1 with

i mutations from the pr it gwith j<i are derived as
follows
P'[x=+|=i]=z P(_\'leﬂ_\":ﬂﬁxr:j]
=
T
=5 1 — rjEipix, = )
=0 lfd
In particular, for the emissior state i = 0
MAgri=0)={1—rfPx,=0)
Tor the ahsarbing state i=k:
B
PlXppy= k=% rbopx, =)
=0
Based on these, the computing algorithm is derived as follows:
Set the initial cell state at generation 0:
PIFo— g — 1 PR — 11— s ¥ — i
.T-mg:l.....:uMﬂﬁiﬂkncmpuhmwwwﬁ:smhdr
Xy _:]_E J'-ru—r,*-'P[x _1=j}

jel?

where n is the total number of divisions that one stem cell may experience during
its lidetime.

equal to the integer part af| , whee 5 is the number of normal stem cells in the
tissue of origin (ﬂmﬁmmﬂﬁ.aﬂl}u rounds of asymmetric divisons a was
the column labelled '’ in supplementary table | of ref. 5. Sensitivity analyses have
been conducted for scenarios with a broad range of mutation rates, from 1 x 1o
to 12 107, and several required hits k=1, 2, 3,4).
Lower-hound estimates of extrinsic risks with the SEER data. As a program of
the National Cancer Institute {NCI), SEER {Surveillance, Epideminology, and End
Hesults Program) is a source of information on cancer incidence and sarvival in the
USA (httpyi/seercancergov!). The age-adjusted cancer incidences were extracted
from the database ‘SEER 9 Regs Research Data, Mov 2014 Sab {1975-2012)
< Katrina/Rita Population Adjustment " using the SFER*Stat 811 (ref 28). For
several cancers, it has been observed that their incidence rates have increased
markedly during the past 40 years {Extended Data Fig. 1). For these cancers, it
is reasonable to assume that anything above the historical minimum incidence
should be attributed to some environmental'extrinsic factors. Therefore, we can
establish the following i r

Erﬁmn:mk}([—hmﬂmmunmn incidence ratefincidence rate in 2012,

Correspondingly, Ihelmrboqmdsof:mhmnm by extrinsic factars for
these cancers can lated. As shown in ded Dhata Fig, 1, some cancers
shanw substantial contributions from extrinsic factors.
Diata and statistical amalysis. The ohserved lifetime cancer risks and the como-

lative number of divisions (n) of all stem cells per lifetime are adopted from sup-
lementary table | of Tomasetti & Vngdnel " The I:I:lli:m: nelld'lvi:im:m
Eumonrmlnabm:fﬁ:dﬂz Pp y Infior For the

analysis of Fig. 3 as shown in Extended DﬂzTaH-: L, errar terms following the
mormal distribation with mean 0 and standard deviations of 1 or 0.4 were added
to the logieliotal stem-cell division) or logultotal cell division). These allow the
number of total stem-cell and cell divisions to vary approximately within 2 range
aof 1/ 100-100-fold or ~1/5-5-fold, respectively. On the basis of the new data
set with measarement errors, the excess risks for each cancer were quantified.
This process is repeated 100 times, and from this the mean, the 2.5 and the 97.5
percentiles (namely the 85% confidence intervals| of the exces risk for cach cancer
are tabulated. In calculating the percentage of intrinsic versus extrinsic mutations
hased on muotational si from cancer genome, we define the intrinse muta-
hnxﬂmwﬁﬁpmlﬁ(llaﬂmﬁm’cmmﬁnxﬂuﬁnn@mﬂ
sigmatures {2-21, R1-13, Uland U2). The Eﬂ:hmnhmnﬂ"mm
supplementary figures 56-88 of ref. 31. All | amalyses and math
calculations wupelfm'm:du:inxﬂ.(wniunll 1].
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observed data following the same estimation mechanism as the intrinsic
rigk line in Fig. 3a. The green (a} and blue (b) dashed lines are the
“imtrinsic’ risk lines estimated based on total reported steme-cell numbers
and total homeostatic tissae cells, respectively.
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Extended Data Figure 4 | Intrinsic cancer risk modelling. Part 1 of 2: propagation diagram of driver gene mutation states between generations in one
stem cell, from which the stem-cell motation transition probabilities from one generation to the next are computed.
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Extended Data Table 1 | Robustness analysis on total stem-cell divisions and cell divisions estimates in Fig. 3

Total stem-cell divisions (Fig. 34) Total cell divisions (Fig, 2B}

Observed| LoglD | Excess Excess risk Logld) | Excess| Excessrisk
G Risk  |idivisians)] risk a5y ol (divisions)| risk a5y, )
vl L 1.0041 11.11 =08271 | [2.623, 0.862] A [R5 [Jr
Basal cell 0.3 12,55 | =0.996 | [0.985,0.955] | 1442 |=0.995] [0.99, 0.958]
Eraast 0,123 NA T4, MA 14,54 | =0.987 ||0.,974 , 0.9594|
C11 00052 11.11 =0 299 | [2.701,0.873] A [LEY M
COAD 0.048 12.07 | =0.980 | [0.934,0.955] | 1440 |=0.971][0.943 . 0.986]
FAP COAD 1 12.07 | =0,999 | [0.997,L.000] | 1440 |=0.999][0.997, 0.999]
Lynch COAD [43=] 1207 =0:998 | [2.994  1.000] 1440 |=0997 |[0994 0 555)
Ducdenum’ 3.00E-04 S.ES - - MA A MA
EAF Duodenum iEh G HY =0:995 | [3.980  0.858] Mo (VRN A1
Esaphageal 0.00194 | 3.038 >0.906 | [2.748, 0.875] A WA MNA
Galllladder 0.0028 789 =057 [ [0.92},0.991] A MA MNA
Glicklastama 0.00219| 1843 =0,943 [ [D.B58, 0.984] RE A NA
Head & nack 00138 | 1050 | =0.973 | [2.921, 0.852] A WA MA
HPY Heud & reck 0.07935 | 10.50 | =0.995 | [0.985 , 0.559] MA A MNA
Hepatocellular 00071 | 1143 [ =0:906 | [2720,0575] | 1341 |=0.932][0.872, 0.963]
HoY Hepatocellular [iXiyh | 11.43 | =0991 | [0.969, 0.588] | 1341 |=00993 |[0.986 . 0.595/7]
Lung [nr&nsmt:nkjs_'r:uT 0.0045 987 =938 | [2.835, D.882] 15,2 - -
Lung [smoker) o081 997 | =0997 | [0990, 0599] | 1520 |»00958 | (00905 | 0.882)]
Medulioblastama’ 0.00011 243 - - MA A MNA
Fdelan cra 00203 | 1188 | =0.950 | [2.872,0.930] A A MNA
Ostensarcoma 0.00035 | 747 >0,790 | [0459, 05471 | 1179 |-0.762 |[0.568, 0.887]
arrns psteasarcoma® |4.00E-05| 666 10,99
Head osteasarcama - |3.02F-05]  6.78 - - 11.1 - -
Leas nsteasarcoma 000022 | 705 | »0727 | [0306,0530] | 1137 |=0761|[0537 . 0.889)
Pelvis asteasareoma ~ |3.00E-05] 650 A MNA 10.81
Owarian germ call 0.000411) 734 =0,837 | [2573, 0,558] A A MNA
Fancreatic ductal 0.013589| 1154 | =0.,948 | [0.805, 0.987] MA [A A
Pancreatic islet 00001494 978 - - MM KLY M
Prostate 0.14 A A A 11.81 |=0993] [0.599,1]
Srmall intestine 7.00E-04| 1147 = - 14,22 - -
[Testicular 0.0037 8953 >0942 | [2.243 | D.584] 13.02 20914 | (235 | 0.555]
[Thyraid follicular 0.01026) 877  [+-D.BEL [2.964, 0.8906] A R LY A
[Thyraid medullary 0.000324) 777 [-0.731 | [D.304, 0.928] A A MA
Marrarrant arrers wans addad % ke ofdi sions]) and 1,000 simuliticns wars s e out b csl culete the s and 059 eonfidencs imerval (G0 of the secess fska. Ses Methods bor detaile. WA d

" ris e But e ot
" ris e Bt e ot
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Extended Data Table 2 | Epidemiological studies on the extrinsic risks of various cancers

Cancer Types Extrinsic risk | Examgles of potential extrinsic risk factors
) Oral contraceptive, hormaone reglacement tharapy,

i substanil lifestyle (diet, smaking, alcohol, weight)

Prostate substantial | Diet, ohesity, smoking

| ung =503 smnking: air pollutant

Colorectal =75% Diet, smoking, aleahal, obesity

Melanoma G55-86% Sun exposure

Basal cell ~90% Uy

Hepatocellular ~E0% HEV, FCW

{3astirc G5-B0% H. pylori

Cervical ~90% HPY

Head & Neck ~75% Tobacco, alcohal

Esophageal =75% Smoking, alcohol, obesity, diet

Oropharyngeal ~T 0% HPY

Thiyrevicd ] Diet low in indine, radiation

Kidney =58% Smoling, obesity, workplace expaosures

Thymus =77 Largely unclear

Small intestine =61% Diet, smoking, alcohel

E::s:g:ﬁj F:I:L;Indgkm s >71% Chermicals, radiaticon, immune system deficioney

Tastis =45% Largely unclear

f_‘::r'::d anarectal 2539 HPY, smoking

PR W LR T .
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Extended Data Table 3 | P it of intrinsic versus extrinsic M5 with known and unknown causes in different cancer types

Intrinsic Eutrinsic M5 - | Extrinsic MS - [ Extringic M5 -
S Known Unknown Total
ALL 658 342 0 34.2
100 4]
142 712
355 GOl
353 747
FE7 3.3
171 66
45 53
Glioblastemz £33 4]
Glioma-Low Grade 9.2 1.8
319 751
Kidney Chramaphobe 174 EYS-]
Kidney Clear Cell 565 4.1
Kidney Papillary JA] 157
1049 1.2
91 FER]
a 928
a 47
lymphama B—ell 463 334
Wedullablastomz 48.4 4]
732 a4
llyelama 4] 19.9
Meurablastoma 532 a 46,8 46,8
Chrarian 366 634 o] 63.4
Pancreatic 49.9 50.1 0 a0l
Mlocytic Astracytoma g525 4] 17.5 175
322 10.2
23 6.1
Thyroid 0 9.7
Lherine 10.7 65.5 238 £22.3
e argy. T bl yehos st o Sl gh o ha e v il s ik rep o beve o stk et M ith Rroen cauna M S e

oz, Papnctivaly. Diabi et bt By g 50585 i paf, 31



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

Cancer Type k=1 k=2 k=3 | k=4 k=1 k=2 k=3 k=4
LA ML HT.O. HT.O. (1.000(1.000( HT.OC. HT.C. 0465 1.000
Rasal cell HTO. 0.A62 (19001000 HT.O HTO, 1.000 1.000
CLL HT.Q. HT.O, (1.300(1.300 HT.O. HT.O, 0.578 1.000
COAD HT.O. HT.O. [0.999(1.000 HT.C. HT.C. 0928 1.0C0
FAR COAD HTO. 0620 (14001400 HT.O. HTO. 0.a6e7 1.080
Lynch COAD H.T.Q. 0,260 (143001300 HT.Q, H.T.0, 0953 1.000
Duodenum H.T.0. IO (10001000 HT.O H.T.O, 0.986 1.0C0
FAF Duodenum HTQO. 0577 (1000(1a00 HTO. HTO. 1.000 1.000
Fsophageal H.T.0L. 0546 | 10001000 H 1.0, H.T.03, 0.957 1.000
Gallbladder H.|QO. 1.000 (10001800 H.1.0, 1.%/4 1.000 1.000
Cliohlastama HTa. 0595 (1.000(1.000 HTG. HTO. 1.000 1.000
Head & neck HT.O. 0.631 (1.000(1.000( HT.OC. HT.C. 0987 1.000
HPY Head & neck H.T.Q. 0,936 (13001900 HT.O. H.T.0, 0.959 1.000
Hepatocellular HTO. 0.572 (1.000(1000 HT.O. HT.O. 1.000 1.000
HCY Hepatooe!lular | HT.O. 0.557 (1.300(1.000( HT.C. HT.C. 1.000 1.000
Lung [nonsmoker) H.I.O. 0.9/1 [1000{1.000] H.I1.0, H.1.0, 1.000 1.000
Lung (smoker) HTO. 0,995 (1.000(1.000( HT.O. 03538 1.000 1.000
Medulloblastoma HT.O. 0.504 (1.000(1.000 HT.OC. HT.C. 1.000 1.000
Melanoma HTO. 0444 (130014000 HT.O. 04441 1.000 1.000
Dstensarcoma HT.Q. 1.000 (1.300(1.000 HT.O. 0.624 1.000 1.000
lArms osteasarcoma H.T.O. 0.999 [1.000(1.000 HT.O. 0.265 1.0c0 1.0C0
Head ostensarcoma HTO. 00649 (14001400 HTO. 0032 1.000 1.080
Legs nstaosarams H.T.O. 1000 (13001300 HIT.G, 0,718 1.000 1.000
Pelvis osteosarcoma H.T.0. 1.000 (1.000(1.000( HT.O 0,542 1.000 1.0C0
Cwarian gerin cell HT.OL 0559 (1.000 (14000 HT.O. 0.549% 1.000 1.000
Pancreatic ductal H.T.C. 0806 (10001000 HT.O H.T.2, 1.000 1.000
Pancreatic islet HTO. 0611 (13001300 HT.O. HT.O. 1.000 1.000
Small intestine HTa. HTO (09981000 HT.OC. HTO. J.6E4 1.000
[Testicular H.T.O. 0973 (100014000 HT.O. H.T.O. .96 1.000
[Thyraid follicular H.T.Q. 1000 (13001900 HIT.O 0,864 1.000 1.000
Thyroid medullary HTO. 0599 (1.000(1.000 HT.OC. 0.785 1.000 1.000

Escteifei e k= 1 = (AL Rta &7 HLIR i i b HTD, Wi et i b vl



