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Materials and Methods
Overview
The parameters listed in Table S1 correspond to the average size of the relevant normal
tissues and were obtained from the literature directly or calculated using values from the
literature. The references are provided below in the sections describing each cancer type.
When available, some tissues estimates have been given for both specific anatomic
locations as well as for the overall tissue (e.g. osteosarcoma). Lifetime incidences are all
based on U.S. data. In general, the data are from seer.cancer.gov
(http://seer.cancer.gov/statfacts/ and
http://seer.cancer.gov/archive/csr/1975_2010/
results_merged/topic_lifetime_risk.pdf). If the data were not available there, we used
cdc.gov, cancer.org, or individual publications addressing a specific (typically rare) type
of cancer. Because the confidence intervals for the stem cell parameter estimates in the
literature were not provided in all cases, we performed a sensitivity analysis assuming a
100-fold variation (plus and minus) for the estimates (see Statistical Analysis section
below). We assessed a total of 31 different cancer types. Other cancer types could not
be assessed, largely because details about the normal stem cells maintaining the tissue in
homeostasis have not yet been agreed upon or accurately quantified.
Acute myeloid leukemia
The lifetime incidence of acute myeloid leukemia is 0.41% (www.seer.cancer.gov) (3).
There are a total of ~3·1012 blood cells and 7.5·1011 nucleated cells in the bone marrow
(32). 0.18% of these normal bone marrow cells are CD34+ (33). The CD34+ are a
heterogeneous population of cells and only about 10% of the CD34+ are hematopoietic
stem cells (HSC), phenotypically defined as (Lin−CD34+CD38−CD90+CD45RA−) (34).
The number of hematopoietic stem cells therefore equals 7.5·1011 · 0.0018 · 0.1 =
1.35·108. Hematopoietic stem cells have ben estimated to divide every ~15 (35), 17 (36),
30 (37, 38), 57 (39) days. Thus, we assume they divide every 30 days.

Basal cell carcinoma
The lifetime incidence of cutaneous basal cell carcinoma has been estimated to be ~30%
(40, 41), making it the most common form of cancer (42, 43). The total number of cells
in the epidermis, the outermost layer of the skin, is ~1.8 ·1011 (32). Cutaneous basal cell
carcinomas originate from long-term resident progenitor cells present in the basal
(innermost) layer of the epidermis (44). These basal cells possess proliferative potential,
while the suprabasal layers are composed of terminally differentiating keratinocytes (45),
(25). The basal layer is found both around the hair follicles as well as in the interfollicular
epidermis (25). The number of basal cells has been estimated to be ~ 3·104 cells/mm2
(46) and 10% of these cells are believed to be stem cells (47, 48). The median height of a
US woman is ~5’ 4.5’’, and that of a US man is ~5’ 9.5’’, while the median weight is
~160 lbs and ~190 lbs, respectively (www.census.gov). Considering both sexes together,
the average surface area of the skin is ~1.94 m2 (49). The median number of basal cells
in the epidermis is therefore ~ 3·104·1.94 ·106 = 5.82 ·1010, and the number of stem cells
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is ~5.82 ·109. Epidermal stem cells are estimated to divide every 48 days (50, 51).

Chronic lymphocytic leukemia
The lifetime incidence of chronic lymphocytic leukemia is 0.52% (www.seer.cancer.gov)
(3). There are a total of ~3·1012 blood cells and 7.5·1011 nucleated cells in the bone
marrow (32). 0.18% of these normal bone marrow cells are CD34+ (33). The CD34+ are
a heterogeneous population of cells and only about 10% of the CD34+ are hematopoietic
stem cells, phenotypically defined as (Lin−CD34+CD38−CD90+CD45RA−) (34). The
number of hematopoietic stem cells therefore equals 7.5·1011 · 0.0018 · 0.1 = 1.35·108.
Hematopoietic stem cells divide every ~30 days (see acute myeloid leukemia for details).
Colorectal adenocarcinoma
The lifetime incidence of colorectal cancer is ~4.8% (www.seer.cancer.gov) (3). Almost
all colorectal cancers are adenocarcinomas. The large intestine is on average ~1.6 meters
long and 5-8 cm in diameter, resulting in an internal surface area of approximately 3,300
cm2. There are a total of ~1.5·107 crypts (14,000 crypts/cm2) in the large intestine, each
of which contains ~2,000 cells (52-56). It has been estimated that each colonic crypt
contains only 15-20 stem cells (57) or even fewer (55), with a turnover of approximately
3-7 days (55, 58-60). Thus, we estimate that the total number of stem cells in the large
intestine is ~1.5·107 ·15~ 2·108 and that stem cells divide, on average, every 5 days.
Colorectal adenocarcinoma in FAP patients
Familial adenomatous polyposis (FAP) is an inherited condition caused by defects in the
APC genes. Virtually all patients with FAP develop colorectal adenocarcinomas unless a
colectomy has been performed, so their lifetime incidence is 100%. All other parameters
are the same as for sporadic colorectal adenocarcinomas.
Colorectal adenocarcinoma in patients with HNPCC
HNPCC (Hereditary Non-polyposis Colorectal Cancer, also called Lynch Syndrome)
accounts for 1-3% of colorectal cancers, and the lifetime incidence of colorectal cancer
for those with HNPCC has been estimated to be ~50% (61), (62). All other parameters
are the same as for sporadic colorectal adenocarcinomas.
Duodenal adenocarcinoma
Forty to fifty per cent of the small intestinal adenocarcinomas occur in the duodenum
(63). Thus, the lifetime incidence of duodenal adenocarcinoma is ~0.002 *0.35*
0.45=0.0003. The duodenum is approximately 25 cm long and ~2.5cm in diameter,
resulting in a total surface of approximately 200 cm2, representing ~4% of the surface of
the small intestine. Based on the numbers provided for the small intestine, the total
number of cells in the duodenum can be calculated to be ~0.04·1.7·1010 = 7·108 and the
number of stem cells is ~0.04·1 ·108 = 4·106. Also, as noted in the section on the small
intestine, the duodenal stem cells divide ~1/3 as frequently as those of the colon (64, 65).
Duodenal adenocarcinoma in FAP patients
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Familial adenomatous polyposis (FAP) is an inherited condition caused by defects in the
APC gene. Those with FAP have a lifetime incidence of duodenum carcinoma of 3-4%
(40, 41). All other parameters are the same as those for sporadic duodenal
adenocarcinomas.
Esophageal squamous cell carcinoma
The lifetime incidence of cancer of the esophagus is ~0.51% (3). The vast majority of
these cancers are either adenocarcinomas or squamous cell carcinomas, and the ratio of
these two types has changed considerably in the last few decades. Currently, ~38% of
esophageal cancers are squamous cell carcinomas (66, 67). The lifetime incidence of
esophageal squamous cell carcinoma is therefore 0.0051·0.38 = 0.001938. The
esophagus is 18 to 26 cm long and 2 to 3 cm in diameter (68), resulting in an average
surface area of ~172.79 cm2. The area of a squamous cell in the basal layer is ~80µm2
(69). The fraction of stem cells in the basal layer has been estimated to be 0.4% of the
total basal layer cells (70), so there are a total of ~2.16·108 basal cells and 8.64·105 stem
cells in the basal layer. As the normal mucosal epithelium is ~10-20 layers thick, the
total number of epithelial cells in the esophagus is estimated to be ~2.16·108 ·15=
3.24·109. Cells have been estimated to turn over ~ every 21 days (71, 72).

Gallbladder non-papillary adenocarcinoma
There will be an estimated 10,650 new cases of gallbladder cancer in 2014 in the U.S.,
versus 136,830 new cases of colorectal cancer, and because the lifetime risk of colorectal
cancer is 4.8%, we estimate the lifetime incidence of gallbladder cancer as
~(10650/136830) · 0.048=0.003736 (3). About 75% of all gallbladder cancers are non
papillary adenocarcinomas (73). Thus, the lifetime incidence of gallbladder non papillary
adenocarcinoma is 0.003736 · 0.75 = 0.0028. There are ~1.6·108 epithelial cells in the
gallbladder (32) and about 1% of them exhibit stem cell properties (74). Tissue renewal is
very slow, with stem cell division once every ~ 625 days (75).
Glioblastoma multiforme
The lifetime incidence of brain cancer is ~0.6% (www.seer.cancer.gov) (3). Gliomas
represent 81% of brain cancers, with glioblastomas being the most common among them
(45%) (76). Thus, the lifetime incidence of glioblastoma is 0.006· 0.81 · 0.45 = 0.00219.
The cell of origin of glioblastomas is the astrocyte, a type of glial cell. While it was
previously believed that there are >10 times more glial cells than neurons in the human
brain (see for example (32) and the textbook references cited therein), recent evidence
indicates that the ratio is much closer to 1:1, with an estimated 84.6·109 glial cells and
86.1·109 neurons in the human brain (77, 78). Because the great majority of glial cells are
astrocytes (79), we estimate that there are 84.6·109 astrocytes in the brain. Astrocytes
are derived from neural stem cells (79), whose proportion has been estimated to be
~0.16% (80). Thus, we estimate that the number of neural stem cells among the
astrocytes is equal to 84.6·109 · 0.0016 = 1.35·108, with virtually no cell division after
birth (81).
Head and neck squamous cell carcinoma
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The lifetime incidence of oral or pharyngeal cancer is 1.09% and is 0.36% for laryngeal
cancer, and the vast majority of these are squamous cell carcinomas
(www.seer.cancer.gov) (3). The lifetime incidence of all head and neck squamous cell
carcinomas, which include oral, pharyngeal, and laryngeal subtypes, is therefore ~1.45%.
Human Papillomavirus (HPV) infection is an established contributor to oral and
pharyngeal squamous cell carcinomas (82-85), and recent evidence of its role in laryngeal
cancers has been published (86). The overall prevalence of oral HPV-16 infections in the
general US population is estimated to be 1% (87). The odds ratio for head and neck
cancer in those that are HPV-16 positive has been estimated to be 5.75 (88). Given the
rarity of the disease, we can approximate the incidence ratio by the odds ratio. As 0.0145
= 0.01 · 5.75 · x+ 0.99 · x when x ≈ 0.0138, the lifetime incidence of head and neck
cancer is 0.07935 for those infected with HPV-16, and 0.0138 for those not infected. The
average total surface of the oral mucosa is ~172 to 197 cm2 (89, 90), while the
pharyngeal surface area is ~ 6.085 · 2.56 · π ~ 49 cm2 (see Fig. 2 and Table 1 of (91)),
and the total surface of the larynx (the laryngeal lumen, which is tubular in shape and
lined with mucosa) is ~(6.31+5.12)/2 · π · ((4.26+3.7)/2 + (3.39+2.71)/2)/2 ~ 63 cm2 (see
Table 2 in (92)), for a total surface area of the oral cavity, pharynx and larynx of ~296.5
cm2. The area of a cell in the basal layer of the oral cavity epithelium is ~80µm2 (69).
The fraction of stem cells in the basal layer is 3-7% (93), and given that there are a total
of ~3.71·108 basal cells, 1.85·107 stem cells are found in the basal layer. As the
epithelium of the buccal mucosa is 40-50 layers thick (94), the total number of epithelial
cells in the head and neck mucosa is ~3.71·108 ·45= 1.67·1010. Stem cells in the oral
mucosa divide every 14 to 20 days (39, 65).
Hepatocellular carcinoma
The lifetime incidence of liver and intrahepatic bile duct cancer is ~0.86%
(www.seer.cancer.gov) (3), and ~ 90% of these cancers are hepatocellular carcinomas
(HCC)(95). About 10% of all HCC are associated with Hepatitis C infection (HCV) (95,
96), and ~1% of the US population is infected with HVC (97). Thus, the incidence ratio
for those with HCV infection is 0.1/.01, i.e., ten times greater than those without HCV
infection. Based on the calculation that 0.0086·0.9 = 0.01 · 10· x+ 0.99 · x when x ≈
0.0071, the lifetime incidence of HCC is ~0.071 for those infected with HCV, and
~0.0071 for individuals not infected with HCV. There are ~2.41·1011 hepatocytes in the
liver (32). Hepatic stem cells’ (hHpSC) represent 0.5-2% of the total hepatocytes (98).
Cell turnover has been estimated to be very low, with estimates ranging from 300 to 500
days (81).
Lung adenocarcinoma
The lifetime incidence of lung and bronchus cancer is 6.9% (3). Approximately 87.5% of
lung cancers are non-small cell lung cancers (40% adenocarcinomas, 30% squamous cell
carcinomas, 9% large cell carcinomas) while the remaining 20% are small cell lung
cancers (99). Men who smoke are ~23 times more likely to develop lung cancer, and
women who smoke are ~13 times more likely to develop lung cancer than nonsmokers
(5). Thus, combining both sexes, the lifetime incidence is 18 times higher in smokers
than nonsmokers. Smoking prevalence rose from 42.4% in 1965 to 18.1% in 2012 (100).
Assuming an average smoking prevalence of 30%, and because 0.069· 0.4 = 0.3 · 18· x+
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0.7 · x when x ≈ 0.0045, it follows that the lifetime incidence of lung adenocarcinoma is
approximately 0.0045 for nonsmokers and 0.081 for smokers. Lungs and bronchus have
a total of approximately 43.4·1010 cells, with the vast majority being endothelial,
interstitial and alveolar cells (32). Lung adenocarcinomas typically originate in the
peripheral lung tissue. Bronchio-alveolar stem cells have recently been identified (101103), and while their precise characterization is still a matter of debate, the estimates for
their frequency are rather similar, ranging from 0.4% of all lung cells (101) (for a total of
0.004·43.4·1010 ~ 1.74·109 stem cells), to 1% of all alveolar cells type II (103) (for a total
of 0.7·109 stem cells, because there are ~7·1010 alveolar type II cells in the two lungs of a
human (32)). We take the average of these values as our estimate of the number of stem
cells, i.e., 1.22·109. Finally, the stem cell division rate for lung tissue (specifically the
alveoli) has been estimated to be 7% per year (103).
Medulloblastoma
The lifetime incidence of brain cancer is 0.6% (www.seer.cancer.gov) (3) Between 2005
and 2009, in the United States, the ratio between the number of newly diagnosed
medulloblastomas and glioblastomas, across all ages, was ~0.05 (104). A similar
proportion (4.3%) was found through the analysis of age-specific incidence rates
provided by the Central Brain Tumor Registry of the United States (www.cbtrus.org).
Thus, given that the lifetime incidence of glioblastoma is 0.00219 (see above), the
lifetime incidence of medulloblastoma is 0.00219· 0.05 = 0.00011. Medulloblastomas
form in the cerebellum. It is currently thought that medulloblastomas’ cell of origin is
the neural stem cell, which gives rise to both neurons and glial cells, with neuronal
differentiation far more common (105). It has been estimated that the cerebellum contains
69·109 neurons and 16·109 glial cells (77). Neural stem cells have been estimated to
represent ~0.16% of the total cerebellar neuronal and glial cells (80). Thus, we estimate
that the number of neural stem cells in the cerebellum is (69+16)·109 · 0.0016 = 1.36·108,
and these cells do not divide after birth (81).
Medullary thyroid carcinoma
The lifetime incidence of thyroid cancer is ~1.08% (www.seer.cancer.gov) (3). Only ~
3% of these cancers are derived from parafollicular cells (C cells) (106-108), which are
the cell of origin for medullary carcinomas. Thus, the lifetime incidence of medullary
thyroid carcinomas is ~0.0108 ·0.03=0.000324. There are approximately 10 follicular
cells in the thyroid for every parafollicular cell (109, 110). As there are ~1010 follicular
cells in the thyroid (32), there should be ~109 parafollicular cells in the thyroid. Both
follicular and parafollicular cells are derived from the pharyngeal endoderm (111), and
recent evidence indicates a possible common stem cell of origin (112, 113). The stem
cell population has been estimated to represent ~0.1-1.4% of the total thyroid cells (112,
114-116). Thus we assume there are 0.0065 · 109 = 6.5·106 stem cells that can give rise to
medullary thyroid carcinomas. Cell turnover has been estimated to be very low, with
stem cell divisions occurring once every 8.5 – 14.4 years (116, 117).
Melanoma
The lifetime incidence of melanoma is 2.03% (www.seer.cancer.gov) (3). Melanoma
originates from melanocytes, cells residing in the stratum basale (basal layer) of the
7

epidermis (118). The average number of melanocytes has been estimated to be 3.8·109
(32). Other estimates suggests that there are ~ 1.25·103 cells/mm2 (119, 120). As
individuals have a median surface area of ~1.94 m2 (see basal cell carcinoma section), the
median number of melanocytes in the epidermis would be ~ 1.25·103·1.94 ·106 = 2.425
·109, an estimate close to that of (32). This estimate is also consistent with studies that
show melanocytes represent 5-10% of the cells in the basal layer (121), which we
estimated to be 5.82 ·1010 (see basal cell carcinoma section). We assume that each
melanocyte is itself a stem cell because there is no evidence for a differentiation
hierarchy in the melanocyte lineage. Melanocytes have been estimated to divide every
~147 days (120), i.e. 2.48 times per year.
Osteosarcoma
The lifetime incidence of bone and joint cancer is 0.1% (www.seer.cancer.gov) (3).
Approximately 35% of bone and joint cancers are osteosarcomas (2). The proportion of
osteosarcomas in the legs has been estimated to be 63.8% (18.5% tibia, 2.8% fibula,
42.5% femur), while 8.56% occur in the pelvis, 11.3% in the arms, and 8.63% in the head
(skull and jaws) (2). As the lifetime incidence of osteosarcomas is 0.001· 0.35 = 0.00035,
it is 0.001· 0.35 · 0.638 = 0.00022 for the legs, 0.001· 0.35 · 0.0856= 0.00003 for the
pelvis, 0.001· 0.35 · 0.0113= 0.00004 for the arms, and 0.001· 0.35 · 0.0863= 0.0000302
for the head. In the average human body there are ~1.8·109 osteocytes (32). Osteocytes
compose ~95% of all bone cells in the adult skeleton, while osteoblasts comprise ~ 4%
and osteoclasts < 1% (122). Thus there are ~(4/95)·1.8·109 = 7.6·107 osteoblasts and ~47% of these have been estimated to be stem cells (123, 124). Thus we estimate that there
are ~5.5% of 7.6·107 = 4.18·106 osteocyte stem cells in the human skeleton. To calculate
the numbers of osteocytes and osteocyte stem cells in different skeletal appendages, we
used the data provided by USDHHS-NCHS 2013 for fractional bone content: 38% for the
legs, 10.7% for the pelvis, 15.6% for the arms, and 20.65% for the head. Finally, bone
stem cells divide every ~15 years (81).
Ovarian germ cell cancer
The lifetime incidence of ovarian cancer is ~1.37% (8), and ovarian germ cell
malignancies represent ~3% of all ovarian cancers (see (125) and references therein. Thus,
the lifetime incidence of ovarian germ cell cancer is 0.03 · 0.0137 = 0.000411. It has
been shown in multiple studies that the number of germ cells (oocytes) in fetal ovaries
reaches a peak of 5.5·106 per gonad at 14-15 weeks of age p.c. to then declines,
particularly after birth (126). The total number of germ cells present in both ovaries is
then 1.1·107. There does not appear to be any oocyte divisions after week 15 of
embryogenesis (127).
Pancreatic ductal adenocarcinoma
The lifetime incidence of pancreatic cancer is 1.49% (www.seer.cancer.gov) (3).
Exocrine cancers make up more than 96% of pancreatic cancers, with ductal
adenocarcinoma being the most common type (95%) (www.cancer.org) (8). Thus, the
lifetime incidence of pancreatic ductal adenocarcinoma is 1.49% · 0.96 · 0.95 = 1.3589%.
The pancreas contains Islets of Langerhans cells as well as acinar and ductal cells.
Current evidence indicates that the cell of origin of pancreatic ductal adenocarcinomas is
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the acinar cell (128), comprising 80-90% of the total pancreatic cells, while islet cells are
2.95 ·109 in the pancreas (32), accounting for 1-2% of the total number of cells in the
pancreas (129, 130). Thus, we estimate that the total number of acinar cells in the
pancreas is ((2.95 ·109)/ 1.5) · 85=1.672·1011. Pancreatic stem cells (Bmi1-labeled cell
lineage of pancreatic cells) maintaining organ homeostasis represent 2.5% of all
pancreatic cells (130). Thus we estimate that the number of pancreatic stem cells is
0.025·1.672·1011 = 4.18·109. These stem cells are estimated to divide about once a year
(131).
Pancreatic endocrine (islet cell) carcinoma
The lifetime incidence of pancreatic cancer is 1.49% (www.seer.cancer.gov) (3).
Endocrine (islet cell) carcinomas account for about 1.3% of all pancreatic cancers (132).
Thus, the lifetime incidence of pancreatic endocrine (islet cell) carcinoma is 0.0149·
0.013 = 0.000194. The mean number of islet cells in a pancreas is equal to 2.95 ·109,
representing 1 to 2% of the total pancreatic cells (32). Current evidence suggests that
acinar and islet cells originate from a common progenitor (130, 133, 134). As noted
above, pancreatic stem cells (Bmi1-labeled cell lineage of pancreatic cells) maintaining
organ homeostasis represent 2.5% of all pancreatic cells (130). Thus we estimate that
the number of islet stem cells is 0.025·2.95·109 = 7.4·107. These stem cells are estimated
to divide about once a year (131, 135).
Small intestinal adenocarcinoma
The lifetime incidence of small intestine cancer is ~0.2% (www.seer.cancer.gov) (3), and
~35% of these cancers are adenocarcinomas (8). Thus, the lifetime incidence of small
intestine adenocarcinoma is ~0.002 ·0.35=0.0007. The small intestine is on average 6
meters long and ~2.5cm in diameter, for a total surface of approximately 4,700 cm2 (136),
that is, about 1.4 times the surface of the large intestine. The total number of cells in the
small intestine is ~1.7·1010 (32). While the small intestine has crypts as in the large
intestine, the crypts of the large intestine are more abundant, deeper, and have higher
rates cell turnover than those of the small intestine. For example, it has been estimated
that the crypts are ~0.3 mm deep in the duodenum (136, 137), ~0.16mm in the jejunum
and ~0.175mm in the ileum (138), while they are 0.4-0.6mm deep in the large intestine
(136). More importantly, the density of the crypts is ~100 crypts/mm2 in the jejunum and
~50 crypts/mm2 in the ileum (138), while it is ~140 crypts/mm2 in the large intestine (52,
58). Note that the villi in the small intestine occupy a large amount of surface area,
explaining the lower crypt density. Also, the stem cells per crypt are fewer in the small
intestine; the stem-cells-per-crypt ratio between the small intestine and the large intestine
is 5:7 for the proximal small intestine and 6:7 in the distal small intestine (65). The
duodenum, jejunum and ileum are 0.25 m, 2.5, and 3.5 m, respectively, and the total
number of crypts can therefore be calculated to be 1.4 · 1.5·107 · ((100·2.5/6 +
50·3.5/6)/140) · (5.5/7) ~ 8 ·106. Similarly, the total number of stem cells in the small
intestine can be calculated to be approximately 1.4 · 2·108 · ((100·2.5/6 + 50·3.5/6)/140)
· (5.5/7) ~ 1 ·108, which is very close to what was previously estimated by Potten et al. in
(55). Finally, stem cells in the duodenum and distal small intestine divide, respectively,
only 1/3 and 2/3 as frequently as those in the large intestine (64, 65). Thus, in humans,
the small intestine undergoes fewer stem cell divisions than the large intestine (see Table
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1). Interestingly, in mice the opposite is true: mouse small intestine undergoes more stem
cell divisions than mouse large intestine (55, 139).
Testicular germ cell cancer
The lifetime incidence of testicular cancer is ~0.39% (8), and ~ 95% of these cancers
originate from germ cells (140). Thus, the lifetime incidence of testicular germ cell
cancer is ~0.0039 ·0.95=0.0037. The number of spermatogonial stem cells (As
spermatogonia) has been estimated to be ~35,000 in a mouse testis, and 350,000 in a rat
testis (with the rat testis weighting ~10 times more than a mouse testis) (141-143). As
the average human testis weighs ~17 grams (144, 145), comparison with the rat indicates
that the average number of human spermatogonial stem cells (type Ad) in a human is
2·350,000 · 17/1.65=7.2·106 (see also (126)). As there are ~2,000 to 4,000 spermatozoa
for every spermatogonial stem cell (stem cell fraction of ~0.03%) (142, 143), the average
number of spermatozoa present in a human male can be calculated to be ~2.16·1010.
Because ~1013 spermatozoa are produced in a lifetime (146), there is an average of 1013
/(2.16·1010) = 463 complete turnovers in a lifetime, implying that spermatogonial stem
cells divide ~463/80= 5.8 times per year. This is consistent with the observation that the
whole process of human spermatogenesis requires ~2-3 months (145).
Thyroid papillary and follicular carcinoma
The lifetime incidence of thyroid cancer is ~1.08% (www.seer.cancer.gov) (3), and more
than 95% of these cancers (both papillary and follicular) are derived from follicular cells
(106-108). Thus, the combined lifetime incidence of papillary and follicular thyroid
carcinomas is ~0.0108 ·0.95=0.01026. There are ~1010 follicular cells in the thyroid. The
stem cell population has been estimated to represent ~0.1-1.4% of the total cells (112,
114-116). Thus we assume there are 0.0065 · 1010 = 6.5·107 stem cells in the thyroid.
Cell turnover has been estimated to be very low, with stem cell divisions occurring once
every 8.5 – 14.4 years (116, 117).
Statistical Analysis
The total number of stem cell divisions in the lifetime of a tissue was calculated as
follows. Let s be the total number of stem cells found in a fully developed tissue, with s a
power of 2, for simplicity, and no cell death. Starting from the first precursor cell of that
tissue, it takes x generations during development to generate all of these cells, where 2x =
s. Once the tissue has been fully developed, each of these s cells undergoes a total of d
further divisions, due to normal tissue turnover, in the lifetime of that tissue. These
turnover divisions are assumed to be asymmetric, but note that a balance between
apoptosis and symmetric self-renewal would yield the same average number of cell
divisions for a tissue in homeostasis. Thus, the cumulative number of division events,
each yielding a new stem cell, among all stem cells in a lifetime (lscd, for lifetime stem
cells divisions), is
𝑙𝑜𝑔 𝑠

𝑙𝑠𝑐𝑑 = ∑𝑛=12 2𝑛 + 𝑠 ∙ 𝑑 .
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In general, s is not a power of 2, and the use of the floor function to approximate log2 s
may not be appropriate. Noting that the partial sum of the geometric series is equal to
2s-2, we obtain our formula for lscd for a general s:
𝑙𝑠𝑐𝑑 = 𝑠 (2 + 𝑑) − 2.

The estimates for s and d are provided in Table 1. For each cancer type, 𝑙𝑠𝑐𝑑 =
𝑠 (2 + 𝑑) − 2 was plotted against the lifetime incidence of that specific cancer type in
Fig. 1 of the main text.
All statistical analyses were performed using R, version 3.1.0. Spearman’s correlation
test yielded a highly significant (P<3.5 ·10-8) correlation 0.81 (0.61 – 0.91; 95% CI),
where the 95% confidence interval was calculated by bootstrap. Importantly, for the
same data points in the log-log plot of Fig. 1, Pearson’s yielded equivalent results with a
highly significant linear correlation (P<5.15 ·10-8), and with a correlation coefficient
equal to 0.804 (0.63-0.90; 95% CI). The coefficient of determination (R-squared) is
therefore equal to 0.646 (0.395 – 0.813; 95% CI). The rationale behind calculating a pvalue is as follows. The sample space is the set of all human tissue types, where each
tissue has a lifetime cancer incidence value and a lscd value. Importantly, this sample
space is large. The tissue types for which the needed estimates exist are a random (and
small) subset of the sample space (their availability depends on other researchers’ work).
The robustness of the correlation illustrated in Fig. 1 was tested by allowing the estimates
for the number of stem cell divisions plotted in Fig. 1 (derived from the estimates in
Table 1), to vary by ~100-fold in either direction. Specifically, first we sampled from a
normal distribution with standard deviation 1 and mean equal to log10(lscd) for each xcoordinate value of the 31 data points in Fig. 1. Then Spearman’s was used to test the
correlation. After 10,000 iteration of this process, the median positive correlation was 0.7
(total range: 0.41 – 0.89), with a median p-value <2 ·10-5. Importantly, all iterations
yielded a statistically significant positive correlation, with the highest p-value < 2.4 ·10-2.
Even replacing the normal distribution with the more extreme uniform distribution over
the interval (-2+log10(lscd), 2+log10(lscd) ) for each data point yielded a significant
positive correlation over 10,000 iterations with a median correlation 0.67 (total range:
0.39 – 0.90) (highest p-value < 2.9 ·10-2). Thus, though the total range for lscd is ~ 6
orders of magnitude and we allowed four 4 orders of magnitude variation for each data
point, the correlations generated were always statistically significant. This provides
strong evidence that our results are robust.
For each cancer type (data points of Fig. 1), we defined an Extra Risk Score (ERS) to be
the product of the log10 value of lifetime cancer incidence, r, and its lifetime number of
stem cell divisions, lscd (the values for r and lscd are provided in Table 1):
𝐸𝑅𝑆 = 𝑙𝑜𝑔10 𝑟 ∙ 𝑙𝑜𝑔10 𝑙𝑠𝑐𝑑 .

Note that log10 lscd and log10 r are simply the log10 of the x- and y-coordinates of each
point in Fig 1, and that the greater the absolute value of this product is, the smaller the
11

evidence for the presence of any environmental or inherited factor acting on that tissue.
ERS represents the (negative value of the) area of the rectangle formed in the upper-left
quadrant of Fig. 1 by the two coordinates (in logarithmic scale) of a data point as its sides.
The larger the area of this rectangle, i.e. the more negative ERS, the less evidence for
external environmental or inherited factors adding their extra effects to the stochastic
replicative ones. Note that using the ratio between the log10 values of r and lscd, instead
of the product, would be sub-optimal to estimate the extra risk. For example, a cancer
type with a lifetime incidence of 10-6 and a total number of stem cell divisions of 1012
would have the same ratio as a cancer with a lifetime incidence of 10-3 and a total
number of stem cell divisions of 106 (-6/12 for the first cancer and -3/6 for the second;
both = -0.5). But any score reflecting the extra risk (i.e., the risk over and above that
associated with cell divisions) should be much lower for the first cancer type than the
second, because the first cancer type has a lower incidence despite a much higher number
of stem cell divisions. When ERS is defined as the product rather than the ratio, the
expected relationship is evident: the ERS for the first cancer type is -72, while the ERS
for the second cancer type is much higher (i.e., -18).
An unsupervised machine learning analysis was performed and K-means cluster analysis
was applied to the ERS scores, yielding the clustering depicted in Fig. 2. As it is well
known that there is no established way to ascertain the “correct” number of clusters, and
given that our primary interest was in identifying the cancer types in which strong
environmental or inherited factors played a role, the number of clusters was set to two.
Increasing the number of clusters yielded the expected result. For example, if the number
of clusters was set to three, the cluster defined as “D-tumors” split in two, one of which
contains cancer types where environmental or inherited factors are known to play a role,
and another where these effects are not known to play a role. Thus, cancer types may be
viewed as forming a continuum, from the most affected by environmental and inherited
factors to the least, and the ERS score may be used to rank them accordingly. Ward
hierarchical clustering, performed via the hclust function in the stats R package, yielded
comparable results, with the three R-tumors closest to the D-tumors shifting to the Dtumor cluster (compare Fig. 2 with Fig. S1).
Given the results of this clustering, where the smallest ERS value in the D-tumors cluster
was approximately -17.44 and the largest value in the R-tumors cluster was -19.54, we
defined the “adjusted Extra Risk Score” (aERS) as 𝑎𝐸𝑅𝑆 = 18.49 + 𝐸𝑅𝑆, where 18.49
is the average between the absolute values of the above two numbers. The aERS values
are provided in Figure 2 of the main text.
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Fig. S1. Ward hierarchical clustering of D- and R-tumors.
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Table S1.
Lifetime cancer incidence and parameters related to the normal stem cells that are
precursors of these cancers. “Stem cells” denote the self-renewing cell population
responsible for the homeostasis of the relevant cells in the indicated tissues. Lifetime
parameters were obtained from estimates of the frequency of tissue self-renewal,
assuming an average lifespan of 80 years. The definitions for the parameters s, d, and
lscd are provided in the Statistical Analysis section of the Materials and Methods section.
The literature sources for the parameters listed in this Table are provided for each cancer
type in the Materials and Methods section.

Cancer type

Lifetime

Total

Number of

Number

Number

Cumulativ

cancer

number of

normal

of

of

e number

incidence

*

normal

stem cells

divisions

divisions

of

cells* in

in tissue of

of each

of each

divisions

tissue of

origin

stem cell

stem cell

of all stem

per year

per

cells per

lifetime

lifetime

(d)

(lscd)

origin
(s)

Acute myeloid

0.0041

12

3·10

8

1.35·10

12

960

1.299·1011

leukemia
Basal cell

0.3

1.8 ·1011

5.82 ·109

7.6

608

3.550·1012

0.0052

3·1012

1.35·108

12

960

1.299·1011

0.048

3·1010

2·108

73

5840

1.168·1012

1

3·1010

2·108

73

5840

1.168·1012

0.5

3·1010

2·108

73

5840

1.168·1012

0.0003

6.8·108

4·106

24

1947

7.796·109

carcinoma
Chronic
lymphocytic
leukemia
Colorectal
adenocarcinoma
Colorectal
adenocarcinoma
with FAP
Colorectal
adenocarcinoma
with Lynch
syndrome
Duodenum
adenocarcinoma

14

0.035

6.8·108

4·106

24

1947

7.796·109

0.001938

3.24·109

8.64·105

17.4

1390

1.203·109

0.0028

1.6·108

1.6·106

0.584

47

7.840·107

Glioblastoma

0.00219

8.46·1010

1.35·108

0

0

2.700·108

Head & neck

0.0138

1.67·1010

1.85·107

21.5

1720

3.186·1010

0.07935

1.67·1010

1.85·107

21.5

1720

3.186·1010

0.0071

2.41·1011

3.01·109

0.9125

88

2.709·1011

0.071

2.41·1011

3.01·109

0.9125

88

2.709·1011

0.0045

4.34·1011

1.22·109

0.07

5.6

9.272·109

0.081

4.34·1011

1.22·109

0.07

5.6

9.272·109

Medulloblastoma

0.00011

8.5·1010

1.36·108

0

0

2.720·108

Melanoma

0.0203

3.8·109

3.8 ·109

2.48

199

7.638·1011

Osteosarcoma

0.00035

1.9·109

4.18·106

0.067

5

2.926·107

Osteosarcoma of

0.00004

3·108

6.5·105

0.067

5

4.550·106

0.000030

3.9·108

8.6·105

0.067

5

6.020·106

7.2·108

1.59·106

0.067

5

1.113·107

Duodenum
adenocarcinoma
with FAP
Esophageal
squamous cell
carcinoma
Gallbladder non
papillary
adenocarcinoma

squamous cell
carcinoma
Head & neck
squamous cell
carcinoma with
HPV-16
Hepatocellular
carcinoma
Hepatocellular
carcinoma with
HCV
Lung
adenocarcinoma
(nonsmokers)
Lung
adenocarcinoma
(smokers)

the arms
Osteosarcoma of
the head
Osteosarcoma of

2
0.00022

15

the legs

0.00003

2·108

4.5·105

0.067

5

3.150·106

Ovarian germ cell

0.000411

1.1·107

1.1·107

0

0

2.200·107

Pancreatic ductal

0.013589

1.672·1011

4.18·109

1

80

3.428·1011

7.4·107

1

80

6.068·109

Osteosarcoma of
the pelvis

adenocarcinoma
Pancreatic

(acinar)
0.000194

endocrine (islet

2.95·109
(islet)

cell) carcinoma
Small intestine

0.0007

1.7·1010

1 ·108

36

2920

2.922·1011

0.0037

2.16·1010

7.2·106

5.8

463

3.348·109

0.01026

1010

6.5·107

0.087

7

5.850·108

0.000324

109

6.5·106

0.087

7

5.850·107

adenocarcinoma
Testicular germ cell
cancer
Thyroid
papillary/follicular
carcinoma
Thyroid medullary
carcinoma

*"Cells" and "stem cells" refer only to those normal cells of the same type as the cancer
cells in that tissue. For example, for colorectal adenocarcinomas, the cells and stem cells
referred to are epithelial cells, not the stromal or other cell types within normal colon.
For some cancer types, such as osteosarcomas, overall data as well as anatomiccompartment specific data are included.
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