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Abstract: All cancer registries constantly show striking differences in cancer incidence by age and among
tissues. For example, lung cancer is diagnosed hundreds of times more often at age 70 than at age 20, and this
cancer in nonsmokers occurs thousands of times more frequently than heart cancer in smokers. An analysis of
these differences using basic concepts in cell biology indicates that cancer is the end-result of the
accumulation of cell divisions in stem cells. In other words, the main determinant of carcinogenesis is the
number of cell divisions that the DNA of a stem cell has accumulated in any type of cell from the zygote. Cell
division, process by which a cell copies and separates its cellular components to finally split into two cells, is
necessary to produce the large number of cells required for living. However, cell division can lead to a variety
of cancer-promoting errors, such as mutations occurring during DNA replication, chromosome aberrations
arising during mitosis, errors in the distribution of cell-fate determinants between the daughter cells, and
failures to restore physical interactions with other tissue components. Some of these errors are spontaneous,
others are promoted by endogenous DNA damage occurring during quiescence, and others are influenced by
pathological and environmental factors. The cell divisions required for carcinogenesis are primarily caused by
multiple local and systemic physiological signals rather than by errors in the DNA of the cells. As
carcinogenesis progresses, the accumulation of DNA errors promotes cell division and eventually triggers cell
division under permissive extracellular environments. The accumulation of cell divisions in stem cells drives
not only the accumulation of the DNA alterations required for carcinogenesis, but also the formation and
growth of the abnormal cell populations that characterize the disease. This model of carcinogenesis provides a
new framework for understanding the disease and has important implications for cancer prevention and
therapy.
Keywords: cancer etiology; carcinogenesis; cancer prevention; stem cells; cancer stem cells; stem cell
environment; cells of origin in cancer; somatic mutation theory of cancer

1. Introduction
Cancer is a disease characterized by the formation and growth of abnormal cell populations that threaten
the life of an individual by interfering with vital body functions. Although cancer is known to be ultimately
caused by an uncontrolled cell proliferation, the main biological cause of the disease remains poorly
understood [1]. An important clue came from analyses of cancer statistics by age carried out in the 1950s.
These studies showed that, within the age group 25-74 years, cancer mortality increased exponentially with
age [2,3]. These early works revealed that cancer was the end-result of several successive cellular changes. If
cancer were caused by only one cellular change, or by several changes occurring simultaneously, these
changes could occur at any moment in life, and cancer mortality would be rather similar in different age
groups after a latency period [3]. Because DNA is the only cellular component that can accumulate and
transmit changes throughout life (from zygote to death), it soon became accepted that carcinogenesis required
the multistep accumulation of DNA changes.
According to a prevailing model of carcinogenesis, generally referred to as the somatic mutation theory,
these DNA changes are mutations in oncogenes and tumor-suppressor genes. Mutations in oncogenes would
activate cell proliferation, whereas mutations in tumor-suppressor genes would inhibit cell death or cell-cycle
arrest. The multistep accumulation of three mutations in these genes in a specific order would suffice for a
cell to evolve into an advanced cancer [4,5]. Cancer would be the result of the gradual accumulation of driver
gene mutations that successively increase cell proliferation [6-8].
Several lines of evidence, however, challenge this prevailing theory of cancer. First, the somatic
mutation theory is largely supported by the idea that cancer incidence increases exponentially with age. Since
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our cells are known to accrue mutations throughout life [9,10], the accumulation of driver gene mutations in
our cells would perfectly explain why the risk of cancer increases until death. However, this idea is based on
analyses of cancer statistics by age carried out in the 1950s, in which data for the age groups above 75 years
were considered unreliable and were excluded [3]. It is now well established that cancer incidence does not
increase exponentially with age until death; it decelerates or decreases late in life for most cancers (Figure 1).
For example, according to SEER cancer statistics review, 1975-2014, men in their 80s have almost half the
risk of developing prostate cancer than men in their 70s [11]. It is also known that cancer incidence does not
increase with age during the first years of life, probably because the incidence of some cancers (e.g., acute
lymphoblastic leukemia, some cancers from the nervous system, liver cancer and kidney cancer) is higher
during the first 5 years of life than during the following 20 years [11,12]. In addition, the incidence of some
cancers (e.g., acute lymphoblastic leukemia, testicular cancer, cervical cancer, Hodgkin lymphoma, thyroid
cancer, bone cancer, etc) does not increase exponentially with age within the age group 25-74 years [11,12].
For example, acute lymphoblastic leukemia incidence peaks during the first decade of life and testicular
cancer incidence peaks during the third decade of life [11,12]. The somatic mutation theory does not explain
why the accumulation of mutations occurring during a person’s lifetime is not translated in many tissues into
an increase in cancer incidence throughout life (Figure 1).

Figure 1. Cancer incidence by age. The risk of being diagnosed with cancer (A), or with one of the three
most common cancers (B-D), increases dramatically with age. However, the risk decreases late in life for
most cancers (e.g., A-D), and does not increase with age for some cancer types (e.g., E). In addition, cancer
incidence does not increase with age during the first years of life (F). See text for further details. Data were
taken from SEER cancer statistics review, 1975-2014 [11].
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Second, if cancer is caused by gene mutations (permanent alterations in the nucleotide sequence in
protein-coding DNA), all cancers would have mutations in genes. However, sequencing studies have found
zero mutations in the genes of many tumor samples [13-16]. For example, Greenman et al. [14] reported 73
out of 210 tumors with zero mutations in protein-coding DNA sequences. Whole-genome and whole-exome
sequencing of 47 ependymomas revealed an extremely low mutation rate, with zero significant recurrent
nucleotide variants [15,16]. These data indicate that mutations in oncogenes and tumor-suppressor genes are
not necessary for the formation of a variable proportion of different cancer types; this is also a major barrier to
accept the somatic mutation theory.
Finally, the somatic mutation theory cannot easily accommodate epidemiological and experimental data
showing that cancer risk and development are affected by multiple non-mutagenic factors. Human studies
indicate that the risk of cancer is increased by hormone therapy (several cancer types) [17-19], shift work that
involves circadian disruption (breast cancer) [20-23], drinking very hot beverages (esophageal cancer) [24-27]
and exposure to non-ionizing electromagnetic fields (childhood leukemia) [28-34]. Carcinogenesis
experiments in rodents have also shown that non-mutagenic factors can have a major impact on cancer
incidence and development [13]. For example, surgical interruption of the sympathetic nervous system
prevents the early phases of prostate tumor development [35], and denervation of the stomach suppresses all
stages of gastric carcinogenesis [36]. If cancer is caused and driven by mutations, it is difficult to understand
why drinking very hot beverages increases the risk of having esophageal cancer, or why cutting specific
nerves suppresses the development of prostate and gastric cancer.
It is clear that carcinogenesis requires the multi-step accumulation of DNA changes. These DNA
changes not only include mutations in genes, but also mutations in non-protein-coding DNA (which
represents over 98% of the DNA), epigenetic alterations (DNA modifications that do not involve changes in
the nucleotide sequence), and aneuploidy (numerical and structural abnormalities in chromosomes). All these
DNA alterations have a marked effect on gene expression and are very common in cancer samples [37-41]. It
is unclear, however, what causes these DNA changes, in what type of cell they take place, and if they are
sufficient for cancer to occur.
Since carcinogenesis requires the multistep accumulation of DNA alterations, it is commonly assumed
that cancer is primarily caused by exposure to DNA-damaging agents. If this were correct, cancer incidence
would be rather similar in tissues exposed to similar levels of these agents. However, cancer registries show
striking differences in cancer incidence among tissues, including those exposed to similar levels of DNAdamaging agents (Table 1). For example, the larynx and the lungs are exposed to tobacco smoke; however,
lung cancer is much more common than larynx cancer. Although the small and the large intestines are
exposed to dietary carcinogens, colorectal cancer occurs more frequently than small intestine cancer. Many
DNA-damaging agents can enter the blood and reach all tissues, including the prostate and the heart.
However, prostate cancer is over 100,000 times more frequently diagnosed than heart cancer (Table 1). It is
unquestionable that many DNA-damaging agents increase the risk of cancer; tobacco use leads to the
formation of DNA-damaging agents in our body, and lung cancer in heavy smokers is known to occur
approximately 20 times more frequently than lung cancer in nonsmokers [42]. However, the striking
differences in cancer incidence among tissues exposed to similar levels of DNA-damaging agents indicate that
exposure to these agents is not the driving force of carcinogenesis.
Type of cancer
Prostate cancer
Breast cancer
Lung and bronchus cancer
Colorectal cancer
Larynx cancer
Small intestine cancer
Bone and joint cancer
Heart cancer

Lifetime risk
12.9% (~ 1 in 8 men)
12.4% (~ 1 in 8 women)
6.5% (~ 1 in 15 people)
4.4% (~ 1 in 23 people)
0.3% (~ 1 in 333 people)
0.2% (~ 1 in 500 people)
0.1% (~ 1 in 1,000 people)
0.00003% (~1 in 3,000,000 people)

Table 1. Risk of being diagnosed with cancer in selected tissues. Percent of people who will be
diagnosed with specific cancer types at some point during their lifetime, based on Surveillance,
Epidemiology
and
End-Results
(SEER)
Cancer
Registry
from
2011-2013
(https://seer.cancer.gov/statfacts/more.html). Data for heart cancer were obtained from reference [43].
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After explaining several basic concepts in cell biology, this article reviews evidence that the driving
force of carcinogenesis is the accumulation of cell divisions in stem cells [27,44-47]. This model of cancer
provides an integrating framework for understanding carcinogenesis and has important implications for cancer
prevention and therapy.

2. Stem cells, progenitor cells, differentiated cells, differentiation and dedifferentiation
All human cells can be classified into stem cells, progenitor cells and differentiated cells. Stem cells and
progenitor cells constitute small populations specialized in producing cells, whereas differentiated cells make
up the bulk of tissues and are specialized in a variety of functions other than producing cells. Both stem cells
and progenitor cells can produce differentiated cells. However, only stem cells can self-renew and give rise to
more stem cells [48-52]. This means that stem cells have the exclusive potential to produce an unlimited
number of cells.
Stem cells carry out two essential biological functions: they hold and protect our DNA from zygote to
death, and they divide to originate the huge number of cells [53] required to form and maintain our body
tissues. Unfortunately, when stem cells divide to produce new cells, their DNA becomes exposed to mutations
and other DNA alterations that can lead to stem cell exhaustion or cancer. In other words, stem cells should be
quiescent to protect our DNA but have to divide to produce new cells. The existence of progenitor cells
(commonly called transit-amplifying cells) partially solves this dilemma.
Stem cells directly produce all the cells at the initial stages of embryonic development; they divide
symmetrically to increase the stem cell pool at the expense of accumulating cell divisions (Figure 2). But
later, progenitor cells alleviate the accumulation of cell divisions in stem cells. At different moments in
prenatal and postnatal life, stem cells divide to originate progenitor cells, which in turn divide a limited
number of times to give rise to the differentiated cells that make up the bulk of tissues. If a stem cell divides
asymmetrically to produce one stem cell and one progenitor cell and the progenitor cell divides ten times, one
stem cell division will be sufficient to produce 1,024 differentiated cells. This hierarchy ensures the
production of many differentiated cells while minimizing the accumulation of cell divisions and DNA
alterations in stem cells. The risk of mutations associated with the last cell divisions required to produce
differentiated cells is passed on to progenitor cells. However, since progenitor cells are programmed for
terminal differentiation, the mutations acquired by progenitor cells will end up in differentiated cells.
Differentiated cells rarely divide and are therefore less prone to accumulate additional mutations. In addition,
these mutations are lost in many tissues when differentiated cells die to be replaced by new cells during tissue
renewal. The mutations occurring in stem cells, however, can persist until death. Although most tissues follow
a stem cell → progenitor cell → differentiated cell hierarchy, cell hierarchies are not identical in all tissues
(see, e.g., reference [50]).
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Figure 2. Stem cell fates, biological functions and cancer risk. Stem cells have two main biological functions:
to preserve genome integrity and to produce via cell division the cells required to build and maintain body
tissues. However, when stem cells divide to produce new cells, they become exposed to a variety of cancerpromoting errors (e.g., genetic alterations) that increase our risk of cancer. According to the stem cell division
theory of cancer, the more cell divisions a stem cell has accumulated from the zygote, the higher its risk of
malignant transformation. Increasing the stem cell pool (symmetric self-renewal) is an important strategy to
prevent the accumulation of cell divisions in individual stem cells; if the number of cell divisions required for
creating a given number cells is shared by many stem cells, none of them will accumulate an excessive number
of cell divisions. However, an unnecessary increase in the stem cell pool can increase the risk of cancer, because
there will be more targets for malignant transformation. There must be an equilibrium between the number of
stem cells and the number of cell divisions accumulated by individual stem cells. If a stem cell differentiates
symmetrically, remains quiescent, dies or enters senescence, its risk of becoming malignant decreases. However,
its job has to be done by other stem cells, which will accumulate additional cell divisions. Linking stem cell fates
to cancer risk is difficult. The key is to understand that cancer mainly occurs when one stem cell accumulates an
excessive number of cell divisions, and that any change in stem cell fates inducing such an excessive number of
cell divisions will increase our risk of cancer [47].

The term differentiation is difficult to define. The International Society for Stem Cell Research (ISSCR)
defines differentiation as 'the process of development with an increase in the level of organization or
complexity of a cell or tissue, accompanied with a more specialized function'. Cell differentiation is also
defined as the process by which an unspecialized cell becomes specialized, or the process by which a less
specialized cell becomes a more specialized cell. These definitions assume that producing cells is not a
specialized function, or that producing cells is a function less specialized than other biological functions. In
my opinion, cellular differentiation is the process by which cells specialized in producing cells progressively
lose this capacity to become specialized in other functions. This process begins in the zygote and ends in a
differentiated cell. The reverse process is called dedifferentiation. The last step in differentiation is called
terminal differentiation, which generates cells with a stable cellular state. These cells are called differentiated
cells or terminally differentiated cells.
Cell differentiation is an irreversible process in most cases. Otherwise, the mutations occurring in
progenitor cells or differentiated cells would end up in stem cells, thereby facilitating their exhaustion or
malignant transformation. Our life would also be at risk if our differentiated cells (e.g., neurons,
cardiomyocytes) abandoned their normal functions to dedifferentiate and become other cells. In some
situations, however, cell differentiation can be reversible [48-52]. Since most human cells have the same
DNA (except some blood cells, gametes, etc), the shape and function of a cell largely depend on epigenetic
modifications that determine which parts of the DNA are active or inactive. Each cell type is basically a
different way of expressing our genome. Because epigenetic changes are reversible, any type of cell can
potentially lose its identity and become any other type of cell (cellular plasticity). This has been demonstrated
in the laboratory by cell manipulation. Transfer of a nucleus from a terminally differentiated cell into an
5
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enucleated egg cell results in epigenetic reprogramming leading to reestablishment of totipotency, which in
turn can lead to the production of all the cells of an organism (“Dolly the sheep” was created with this
technology) [54]. Overexpression of several transcription factors can also induce terminally differentiated
cells to become pluripotent stem cells under artificial conditions [55]. Recent studies indicate that changes in
cell identity are not limited to the laboratory; some non-stem cells have the capacity to dedifferentiate in
response to tissue injury [51,56]. Non-stem cancer cells can also become cancer stem cells in vivo [57,58].
This implies that the DNA (and the DNA alterations) of progenitor cells and differentiated cells can return to
stem cells under specific conditions.
Before explaining the stem cell division theory of cancer, it is important to clarify a basic concept in cell
division and to define what a stem cell is. Cell division is a transformation process in which a mother cell
duplicates and separates its cellular components to finally split into two daughter cells. Although the mother
cell and the daughter cells often share similar properties, cell division transforms one cell into two new cells.
Despite the nomenclature, cell division is not analogous to the process by which mothers give birth to
daughters, because women continue to exist after giving birth to their children. This idea is important, because
the assumption that the mother cell remains after cell division is a major source of confusion in the fields of
stem cell biology and cancer. Stem cells should not be seen as cells that can divide many times. For example,
a totipotent stem cell cannot divide many times because it no longer exists after several rounds of cell division
(totipotent stem cells become pluripotent stem cells at the initial stages of embryonic development). Stem
cells should be seen as cells that can produce many cells, or as cells whose DNA can undergo many cell
divisions. A totipotent stem cell can initiate the production of all the cells of an organism, and the DNA of a
totipotent stem cell can undergo cell divisions until the end of the life of an organism or tissue (e.g.,
extraembryonic tissues).
Currently, stem cells are defined as cells with self-renewal capacity and differentiation potential [48-52].
Because progenitor cells also have differentiation potential (ability to produce differentiated cells), it is widely
accepted that the defining feature of stem cells is their self-renewal capacity. However, it is unclear what selfrenewal means. To most researchers, self-renewal is the ability of a cell to make an exact copy of itself by cell
division, or the ability of a cell to produce daughter cells with the same properties of the original cell.
However, not all stem cells meet these definitions, and some non-stem cells do. At some point in embryonic
development, totipotent and pluripotent stem cells can no longer make copies of themselves. They produce
adult stem cells (also called tissue stem cells), which have different properties from embryonic stem cells
(they produce less types of cells than embryonic stem cells). Under specific liver damage conditions,
hepatocytes can divide and produce two daughter cells with the same properties of the original cell [59];
hepatocytes would have self-renewal capacity according to these definitions. Self-renewal has also been
defined as ability to go through numerous cycles of cell division while maintaining the undifferentiated state.
As mentioned previously, however, totipotent stem cells cannot go through numerous cycles of cell division
because they no longer exist after several cycles of cell division. In addition, some progenitor cells can go
through several cycles of cell division while maintaining the undifferentiated state, and terms such as
numerous and several denote imprecision and should be avoided in a definition. Finally, self-renewal has been
defined as ability to make more stem cells. For example, the International Society for Stem Cell Research
defines stem cells as 'cells that have both the capacity to self-renew (make more stem cells by cell division) as
well as to differentiate into mature, specialized cells'. Defining stem cells is so challenging that the term
introduced to describe the defining feature of stem cells (self-renewal) cannot be accurately explained without
coming back to the term stem cell. Defining stem cells as cells that can make more stem cells is correct but
evasive; it is like defining bacteria as organisms that can make more bacteria.
In my opinion, a stem cell is a cell with the potential to produce an unlimited number of cells. In vivo,
this potential is restricted by the lifespan of the organism or tissue where it resides. A stem cell can also be
defined as a cell whose DNA has the potential to go through an unlimited number of cell divisions under
permissive extracellular conditions. All and only stem cells meet these definitions, including totipotent stem
cells, pluripotent stem cells, extraembryonic stem cells (e.g., umbilical cord stem cells), and all types of tissue
stem cells (multipotent, bipotent, and unipotent). A summary of the defining features and main biological
functions of stem cells, progenitor cells and differentiated cell is shown in Figure 3.
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STEM CELLS
 Cells specialized in producing cells. They can produce more stem cells (self-renewal ability)
and differentiated cells (differentiation potential).
 They have the potential to produce an unlimited number of cells until the end of the life of an
organism or tissue; their DNA can go through an unlimited number of cell divisions.
 They can hold and transmit our DNA from zygote to death. The DNA alterations occurring in
stem cells can persist throughout life.
 Their main mission is to store and protect our genetic material throughout life and to drive the
production of the large number of cells required for living.
PROGENITOR CELLS (TRANSIT-AMPLIFYING CELLS)
 Cells specialized in producing differentiated cells; they have differentiation potential.
 They cannot produce an unlimited number of cells; they are programmed to go through a
limited number of cell divisions and then become differentiated cells.
 They transmit the DNA stored in stem cells to differentiated cells. They usually are short-lived
and hold our DNA temporarily, especially in tissues that renew their cells frequently.
 Their main mission is to prevent stem cells from accumulating an excessive number of cell
divisions, which could lead to stem cell exhaustion or cancer.
DIFFERENTIATED CELLS
 Cells specialized in a variety of body functions other than producing cells.
 They rarely divide.
 They are long-lived in tissues that do not renew their cells frequently and short-lived in tissues
that renew their cells regularly. The DNA alterations transmitted by progenitor cells, or
occurring in differentiated cells, are eliminated during tissue renewal.
 Their main mission is to carry out most body functions.

Figure 3. Stem cells, progenitor cells and differentiated cells. All human cells can be classified into stem
cells, progenitor cells and differentiated cells. This figure shows the defining features and main biological
functions of these cells. See text for details.

3. The stem cell division theory of cancer (SCDTC)
3.1. The cellular origin of cancer
Although it is accepted that carcinogenesis requires the multi-step accumulation of DNA alterations, it is
unclear in what type of cells these DNA alterations accumulate [60-62]. Currently, experimental data suggest
that some cancers originate in stem cells and others in non-stem cells. For some common cancers, different
experimental approaches have led to the identification of different cells of origin for cancer [60-66].
The strategies used to identify the cells of origin in cancer usually consist of activating oncogenes and/or
inactivating tumor suppressor genes in different cell populations, and then evaluate their tumorigenic potential
in mice [60,61]. For example, because MYC amplification and PTEN loss are commonly detected in prostate
cancers, the authors of a recent article [66] transduced primary human prostate basal and luminal cells with
lentiviruses expressing c-Myc and activated AKT1 to mimic MYC amplification and PTEN inhibition. After
propagation in organoid culture, the cells formed subcutaneous tumors in immunodeficient mice. The authors
proposed that prostate cancers arise from both cell types, and that the distinct subtypes of prostate cancer may
arise depending on which of these cells serves as the cell of origin of cancer [66].
The strategies used to identify the cellular origin of cancer, however, rely on a variety of assumptions
and experimental manipulation that may have led to wrong conclusions. The following analogy, based on the
study mentioned above [66], may be useful to draw attention to the limitations of these strategies. Consider
that we are investigating traffic accidents (prostate cancers) involving several vehicles (cell types) to identify
which one causes the accidents (cell of origin in cancer). We find numerous injuries (DNA alterations) in
drivers and passengers in most accident scenarios. However, since many drivers have broken ribs (MYC
amplifications and PTEN losses), we consider that these injuries play a causal role in the accidents. To
determine which type of vehicle causes the collisions, we focus on cars and vans (basal and luminal cells). We
recruit two volunteers to drive a car and a van through a road in which we have created artificial conditions
(organoid culture and immunodeficient mice). After breaking two ribs (MYC and PTEN) of each driver, both
vehicles eventually cause a traffic accident. We conclude that traffic accidents are originated in cars and vans.
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We cannot demonstrate experimentally what cell type acquires the first carcinogenic hit. We would have
to know what the first hit is, and it is virtually impossible to analyze a tumor sample or premalignant lesion
and determine which of the thousands of DNA changes found there [8,67] occurred first. In addition, since
carcinogenesis is stochastic in nature, the first cancer-related change may be different in people with the same
type of cancer. Furthermore, many DNA alterations found in tumor samples probably are a consequence of
carcinogenesis rather than a cause [68,69], like broken ribs are usually a consequence of traffic accidents
rather than a cause. Finally, the cells used in the experiments to identify the cellular origin of cancer are
genetically and chemically manipulated and often taken away from their natural environments. Experimental
approaches with these assumptions and experimental manipulations may lead to wrong conclusions.
An alternative strategy to identify the cellular origin of cancer is to analyze the striking differences in
cancer incidence by age and among tissues using basic concepts in cell biology. As discussed previously, the
dramatic increase in cancer incidence with age indicates that the formation of most cancers requires the
multistep accumulation of DNA changes over years or decades. If cancer were caused by only one cellular
change, or by several changes occurring simultaneously or in a short period of time, these changes could
occur at any moment in life, and cancer incidence would be rather similar in different age groups after a
latency period. This implies that the cells of origin in cancer must be able to hold our DNA during years or
decades. Importantly, stem cells carry our DNA from zygote to death and can therefore hold our DNA long
enough to accumulate the DNA alterations required for carcinogenesis. In tissues with a low capacity to
renew their cells (e.g., heart tissue), non-stem cells are long-lived and can accumulate DNA alterations during
decades. However, cancer rarely arises from these tissues [43] (Table 1). Cancer registries show that most
cancers arise from tissues that renew their cells frequently. In these tissues, stem cells periodically pass a copy
of our DNA to progenitor cells (transit amplifying cells), which in turn pass it to the differentiated cells that
form the bulk of tissues. However, these DNA copies and the mutations they bear are eliminated when
differentiated cells die to be replaced by new cells. This means that the progenitor cells and differentiated
cells of the tissues from which most cancers arise do not hold our DNA long enough to accumulate the DNA
alterations required for carcinogenesis. This indicates that, in most cancer cases, carcinogenesis develops in
stem cells.
Additional evidence indicates that cancer originates in stem cells. Stem cells constitute the only cell
population at the initial stages of embryonic development and, therefore, they are the only cells that can
acquire cancer-related changes during this period of intense mitotic activity. Cell division is an important
source of DNA alterations; for example, it has been estimated that three mutations occur every time a normal
stem cell divides [70,71]. If cancer originated in non-stem cells, our DNA would have to go through
numerous cycles of cell division in stem cells without acquiring any cancer-related DNA change. Then, after
acquiring a DNA alteration in a progenitor cell or differentiated cell, the cell would have to dedifferentiate
into a stem cell to prevent the DNA alteration from being lost during tissue renewal. In addition, if cancer
originated in non-stem cells that then dedifferentiate into stem cells [62], the progenitor cells or differentiated
cells created, e.g., at age 10 would have the same probability of acquiring the first cancer-related change than
those created at age 30 or 50. After a latency period of e.g. 20 years, cancer incidence would be rather similar
at ages 30, 50 and 70. This is incompatible with cancer statistics by age observed in all cancer registries
(Figure 4). For example, the average number of new cases of prostate cancer per year in the United Kingdom
was 46,452 for the 2012-2014 period; however, only 6 cases per year were diagnosed in men in their 30s,
4,747 in men in their 50s and 16,524 in men in their 70s [12].
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Figure 4. The cellular origin of cancer. The dramatic increase in cancer incidence with age (A) indicates
that the formation of most cancers requires the multistep accumulation of cellular changes over years or
decades (if cancer were caused by only one cellular change, this change could occur at any moment in life and
cancer incidence would be rather similar at different ages). Importantly, DNA is the only cellular component
that can accumulate changes throughout life, and stem cells are the only cells that can keep our DNA from
zygote to death (B). This means that stem cells can accumulate the cellular changes required for
carcinogenesis. At different moments in life, stem cells pass a copy of our DNA to progenitor cells, which in
turn pass it to differentiated cells. However, these DNA copies are degraded when differentiated cells die to
be replaced by new cells during tissue renewal. If cancer originated in progenitor cells or differentiated cells,
those created at age 10, 30 or 50 would have the same probability of acquiring the first cancer-related change.
After a period of e.g. 20 years (during which the cell would acquire the rest of the cancer-related changes
required for carcinogenesis), cancer incidence would be rather similar at ages 30, 50 or 70. This is
incompatible with cancer statistics shown in panel A. Therefore, the marked increase in cancer incidence with
age indicates that most, if not all, cancers originate and largely develop in stem cells [47,72]. Curved arrows
represent self-renewal capacity. Broken arrows represent less-common pathways. Stars represent DNA
alterations. Non-stem tumor cells are represented in blue. ESCs: embryonic stem cells; ASCs: adult stem
cells; CSC: cancer stem cell; PCs: progenitor cells; DCs: differentiated cells; D:differentiation; dD:
dedifferentiation.

It is unlikely that the DNA alterations required for cancer formation take place in only one cell or cell
type. Some DNA alterations probably occur in embryonic stem cells, others in adult stem cells and others in
cancer stem cells (CSCs). CSCs are cells that can produce an unlimited number of cancer cells. Also called
tumor-initiating cells in solid tumors, CSCs are responsible for initiating and maintaining cancer growth. In
some cases (e.g., after tissue injury), the DNA alterations occurring in progenitor cells or differentiated cells
can enter the stem cell pool after a dedifferentiation process and can therefore participate in carcinogenesis.
The DNA alterations occurring in non-stem cancer cells can come back to CSCs if they dedifferentiate; cancer
cells have a high cellular plasticity [57,73]. The accumulation of DNA alterations occurring during the
division of CSCs leads to tumor heterogeneity and probably to cancer aggressiveness and drug resistance.
Since carcinogenesis is stochastic in nature, it may be impossible to analyze a cancer sample and determine
what cells or cell types acquired the DNA alterations required for the formation of that cancer. However, the
striking differences in cancer incidence by age and among tissues strongly suggest that, in most cancer cases,
the DNA alterations required for carcinogenesis originate and largely develop in stem cells (Figure 4).

3.2. The main biological cause of cancer
It has been known for many years that cancer arises much more frequently from some tissues than from
others (Table 1). Because most primary tumors develop in tissues that renew their cells regularly, it has long
been suspected that the number of cell divisions occurring in a tissue is crucial for carcinogenesis. Three
recent articles strongly support this idea [74-76]. In the first article, Tomasetti and Vogelstein [74] reported a
highly positive correlation between the lifetime number of stem cell divisions occurring in 31 tissues and the
9
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risk of being diagnosed with cancer in those tissues. The correlation was striking (Spearman’s rho = 0.81; P <
3.5 × 10−8). It extended across five orders of magnitude, thereby applying to cancers with enormous
differences in incidence. Wu et al. [75] also observed a high correlation (0.75) between the total number of all
cell divisions in a tissue and the risk of cancer in the tissue. Both studies were confined to the U.S. population
[74,75]. More recently, Tomasetti et al. [76] confirmed that the striking correlation between the lifetime
number of stem cell divisions in a tissue and the risk of cancer in that tissue was similar (median = 0.80) in 69
countries representing over half of the world’s population. However, these findings were used to estimate the
proportion of cancers that can be prevented [74-76], and to propose that two-thirds of the mutations required
for cancer are caused by unavoidable errors arising during DNA replication [74,76]. In my opinion, these data
involving thousands of millions of people around the world provide definitive evidence that the main
biological cause of cancer is the accumulation of cell divisions in our cells.
The striking correlation reported by Tomasetti et al. [74,76] indicates that if one of our tissues
accumulates a number of stem cell divisions thousands of times higher than other tissue, the probability of
having cancer in the first tissue is thousands of times higher than the probability of having cancer in the
second tissue. This can explain, for example, why colon cancer is about 100,000 times more frequently
diagnosed than heart cancer (Table 1). Because a person is made up of tissues, this striking correlation
indicates that the main biological cause of cancer is the number of stem cell divisions accumulated during a
person's lifetime.
As discussed previously, the dramatic increase in cancer incidence with age indicates that carcinogenesis
is a multistep process that requires the gradual accumulation of DNA changes. This implies that the number of
cell divisions accumulated by the cells of a tissue is more relevant for carcinogenesis than the total number of
cell divisions accumulated by the tissue. In simple terms, the probability of accumulating the multiple DNA
alterations required for carcinogenesis will be higher if 1 cell accumulates 15 cell divisions than if 3 cells
accumulate 5 cell divisions each. The following experiment may be useful to reinforce this key concept.
Consider that stem cells are dices, that each time a stem cell divides a dice is rolled, that the number obtained
represents the risk of cancer, and that a stem cell gives rise to cancer when the sum reaches 30. If you have 1
dice and roll it 15 times, the probability of reaching 30 is very high (99.99%). However, if you have 3 dices
and roll each of them 5 times in 3 independent experiments (15 dice roles in total), the probability of reaching
30 with any of the 3 dices is very low (0.01 + 0.01 + 0.01 = 0.03%) [47]. Naturally, the risk of cancer will
also increase if the number of cells accumulating cell divisions increases (the risk will be higher if 3 stem
cells accumulate 15 cell divisions each than if only 1 stem cell accumulates 15 cell divisions), because there
will be more targets for malignant transformation. Therefore, the highly positive correlation between the
lifetime number of stem cell divisions in a tissue and the incidence of cancer in that tissue [74,76], together
with the striking increase in cancer incidence with age, indicates that the main biological cause of cancer is
the number of cell divisions accumulated by the stem cells of our tissues rather than the total number of stem
cell divisions accumulated by the tissues. Unfortunately, stem cell hierarchies in most tissues are not yet
sufficiently defined [50] to demonstrate this logical statement.
Our cells start accumulating cell divisions when our biological life starts, that is, from the zygote.
Although Tomasetti et al. [74,76] did not consider the stem cell divisions occurring from zygote to birth, the
lifetime number of cell divisions accumulated by our stem cells starts counting from the zygote. In addition,
the DNA of stem cells can have accumulated cell divisions in different types of cells, including totipotent
stem cells, pluripotent stem cells, adult stem cells and even in non-stem cells that dedifferentiate into stem
cells, e.g., after tissue injury (Figure 4). This indicates that the main determinant of carcinogenesis is the
number of cell divisions that the DNA of a stem cell has accumulated in any type of cell from the zygote. The
more cell divisions a stem cell has accumulated from the zygote, the higher the probability that the stem cell
will divide uncontrollably to form a cancer.
The accumulation of cell divisions in a cell is crucial for carcinogenesis because cell division can lead to
a variety of cancer-related errors. Cell division can generate spontaneous mutations arising during DNA
replication [70,71]. Cell division can also generate chromosome aberrations occurring during mitosis [77-81];
chromosome segregation errors can lead to mutations and chromosome rearrangements that integrate into the
genome [78,79]. These DNA alterations can affect important genes (e.g., oncogenes and tumor-suppressor
genes) and disorder genetic programs controlling stem cell behavior and fate. Cell division can also lead to
failures in the distribution of cell-fate determinants between the daughter cells. The differential partitioning of
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cell fate determinants (e.g., transcription factors and mRNAs) between the daughter cells is known to induce
changes in cell behavior and fate [82-86]. Errors in the distribution of cell fate determinants can disrupt the
balance between symmetric and asymmetric cell division [82,83,87,88], which can lead to the accumulation
of cell divisions in stem cells (Figure 2). Cell division can also lead to failures to restore physical interactions
with other tissue components. The division of stem cells is controlled by many extracellular factors, including
physical interactions with the cellular and non-cellular components forming the anatomical location of stem
cells [89-94]. These physical interactions are known to restrain cell division; the inhibitory effect of cell-cell
contact on cell division has been known for many years and has been implicated in malignancy [95-100].
Many of these physical interactions are broken during cell division (see, e.g.,
https://www.youtube.com/watch?v=tc5bREsl8go). If a daughter cell fails to recover these interactions after
cell division, the cell may be unable to come back to a resting state and may continue to divide. Detached
cells may also migrate to other locations, which may be more permissive for cell division. Although some
errors occurring during cell division do not directly cause DNA alterations, any error promoting the
accumulation of an extra number of cell divisions in a cell will lead to the accumulation of an extra number of
DNA alterations in the cell, because cell division inevitably generates DNA alterations [70,71]. But the
carcinogenic potential of cell division is not only limited to the generation of DNA alterations. As mentioned
above, each time a cell divides, the physical interactions that restrict cell division are temporarily broken. This
demands both the cell and the neighboring cellular and non-cellular tissue components to be fit enough to
cooperate in the recovery of these interactions to regain control of cell division. In addition, we cannot forget
that cell division is mandatory for the formation and growth of the abnormal cell populations that characterize
the disease.
Cell division is also important for carcinogenesis because it exposes the DNA of the cell to the genotoxic
activity of DNA-damaging agents. The DNA of dividing cells is more vulnerable to genotoxic agents than the
DNA of non-dividing cells. During cellular quiescence, the DNA is less accessible to genotoxic agents
because it is highly packaged into chromatin and also because it is protected by the nuclear membrane. When
the cell divides, the DNA unwinds to be copied during DNA replication and the nuclear envelope disappears
during mitosis; these cellular events facilitate the interaction of DNA-damaging agents with the DNA of the
cell.
In addition, cell division is important for carcinogenesis because it amplifies the DNA damages
occurring during quiescence. The DNA of our cells has limited chemical stability and is constantly under
attack [101]. It has been estimated that, on average, tens of thousands of DNA damages occur per day per cell
in humans mainly due to hydrolytic reactions (e.g., depurinations and cytosine deaminations) and to reactive
molecules produced by metabolism (e.g., reactive oxygen species) [101-103]. Although most of these
naturally-occurring DNA damages are repaired, others escape repair and accumulate in our cells. The
formation of these DNA damages does not require cell division. However, the fact that cancer almost never
originates in tissues whose cells rarely divide indicates that these endogenous DNA damages do not play a
major role in carcinogenesis in the absence of cell division. Cell division probably transforms these relatively
innocuous DNA damages (e.g., oxidative damage) into more dangerous DNA alterations (e.g., mutations)
[104,105]. For example, the common oxidative lesion 8-oxoguanine (also called 8-hydroxyguanine) promotes
the mispairing potential of DNA polymerases and increase mutation frequency [104]. In the presence of cell
division, naturally-occurring DNA damage may be crucial for carcinogenesis, and probably the origin of
many DNA alterations required for the development of the disease. The high incidence of naturally-occurring
DNA damage in our cells might actually explain the different sets of mutations found in different cancer
types. The spontaneous mutations arising when DNA polymerases misread undamaged DNA sequences [106]
does not explain the singular mutational load found in different cancer types. If most mutations occur
spontaneously when our whole genome is copied during cell division, polymerases could make mistakes in
any region of the genome, and the mutation pattern would be rather similar in different tissues and cancers.
The high prevalence of naturally-occurring DNA damage in our cells may explain these different mutation
patterns. As discussed previously, virtually all the cells of a person have the same genome, and the shape and
function of each cell basically depend on which parts of the DNA are active or inactive. Inactive parts of the
DNA are usually packaged into chromatin structures, which provide a strong protection against DNA damage,
e.g., oxidative DNA damage [107]. Although cells need to use housekeeping genes [108], different tissues
also need to express different sets of genes to carry out specific functions. The activation of a particular
genetic program requires accessibility to specific genes and non-coding DNA regulatory sequences so that
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transcription can occur. DNA accessibility, however, facilitates the interaction between these specific DNA
sequences and DNA-damaging agents. DNA damage occurring in these particular sequences can be
transformed into specific mutations during cell division. Since different tissues expose different sets of genes,
they can have different sets of mutations. For example, mutations of the BRAF gene are very common in
melanoma, possibly because a principal melanocyte-specific signaling pathway controlling proliferation and
differentiation operates through activation of this gene [109]. Naturally, many other factors are involved,
including the exposure frequency of the DNA sequence, the type and levels of endogenous and exogenous
DNA-damaging agents present in the tissue, the DNA repair capacity of the tissue, the number of cell
divisions occurring in the cells of the tissue, etc.
Cell division can also amplify DNA damage caused by environmental carcinogens. For example, if a cell
is exposed to ultraviolet (UV) radiation during quiescence, the cell will acquire DNA damages that will
increase the amount of mutations occurring during DNA replication. DNA polymerases will insert more
wrong nucleotides during DNA replication if they find UV-induced pyrimidine dimers in the DNA they are
replicating than if they do not find these DNA damages [110,111]. Some errors arising during cell division are
unavoidable, but others are influenced by environmental factors.

CARCINOGENIC POTENTIAL OF CELL
DIVISION

HUMAN EVIDENCE THAT CELL DIVISION IS
THE KEY EVENT IN CARCINOGENESIS

 Mutations arising during DNA replication.
 Chromosome alterations occurring during mitosis.
 Amplification of naturally-occurring DNA damage
acquired during quiescence.
 Amplification of DNA damage induced by
environmental carcinogens.
 Facilitate the interaction between DNA-damaging
agents and the DNA of the cell.
 Failures in the distribution of cell-fate
determinants between the daughter cells.
 Temporal loss of physical interactions with other
tissue components that restrain cell division.
 Cell division generates the cells required for tumor
formation and growth.

 Most cancers originate in self-renewing tissues,
that is, in tissues that accumulate many cell
divisions.
 Cancer almost never arises from tissues
composed of cells that rarely divide, even though
these tissues and cells are also exposed to
naturally-occurring DNA damage and to
environmental carcinogens.
 Cancer incidence increases dramatically with age
in tissues that accumulate cell divisions with age.
 Highly positive correlation between the number
of (stem) cell divisions accumulated by a tissue
during a person’s lifetime and the number of
cancers occurring in that tissue.

Figure 5. Key role of cell division in cancer. The left panel shows mechanisms by which cell division leads
to cancer. The right panel shows evidence that cell division is the key event in carcinogenesis; all this
evidence is based on human studies involving millions of people around the world (see text for details).

The accumulation of cell divisions occurring at the initial stages of carcinogenesis is primarily caused by
multiple physiological signals rather than by errors in the DNA of the dividing cell. These physiological
signals are necessary to drive the process by which one cell (zygote) gives rise through cell division to the
huge number of cells required for living. Naturally, the accumulation of cell divisions needed for this process
does not require mutations. The mutations arising during this process [9] are a consequence, not a cause, of
the accumulation of cell divisions in our cells. Numerous pathological and environmental factors (e.g., tissue
injury, infections, inflammation, and exposure to mitogenic agents or cytotoxic factors) can trigger additional
cell divisions, which will add to the number of cell divisions resulting from physiological factors. The
accumulation of cell divisions in stem cells leads to the accumulation of mutations and other DNA alterations.
Some of these DNA changes deregulate genetic programs controlling stem cell behavior and fate. At some
point in carcinogenesis, these genetic alterations promote cell division and can even trigger cell division under
permissive extracellular environments. These extra cell divisions lead to the accumulation of additional DNA
alterations, which in turn promote the accumulation of additional cell divisions. This vicious circle drives the
malignant transformation of the cell and the production of the abnormal cell populations that characterize
cancer.
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The accumulation of DNA alterations in a cell is not sufficient for cancer to occur. It is widely accepted
that if a cell accumulates specific mutations, epigenetic alterations and/or chromosome aberrations, the cell
will proliferate uncontrollably and will give rise to a cancer. It is unquestionable that the accumulation of
DNA alterations is necessary for cancer to occur; DNA is the only cellular component that can accumulate
and transmit the cellular changes required for carcinogenesis. However, the accumulation of DNA alterations
in a cell is not sufficient for cell division and cancer formation. This affirmation can be easily tested by
culturing any type of cancer cell in a solution of PBS. Although the cells will remain viable for some time,
they will not proliferate during this time despite their DNA alterations. The reason is that cell proliferation not
only requires DNA changes permissive for cell division. Cell proliferation also requires that the dividing cell
takes up nutrients (e.g., glucose and amino acids) from the extracellular environment; these nutrients provide
the building blocks required for the synthesis of the components needed to create a new cell [112,113]. But
even if the cancer cells are placed in a culture medium containing all the nutrients required for the production
of new cells, cell proliferation will be inhibited unless the medium is supplemented with specific hormones
and growth factors (generally provided by fetal bovine serum) [114,115]. Cancer formation requires the
production of new cells through cell division, and cell division will not occur unless the cell receives specific
nutrients and signals from the extracellular environment.
Realizing that the accumulation of DNA alterations in a cell is not sufficient for cancer to occur is
important for understanding, for example, why the lifetime accumulation of mutations in the cells of our
tissues is not translated into an increase in cancer incidence throughout life (see Figure 1). It is well known
that the stem cells of different tissues respond to different mitogenic signals, and that the levels of many of
these signals (e.g., growth hormone, insulin-like growth factor 1, testosterone, estradiol, anti-mullerian
hormone, etc) change at specific moments in life. The changing cocktail of mitogenic signals occurring
throughout life causes that the stem cells of some tissues stop responding to these signals at different moments
in life. For example, our bones do not continue to grow once growth hormone levels decline below certain
levels at age 15-20 (other signals are also involved). Bone cancer incidence increases until that age, but then
decreases and stabilizes [11,12]. Prostate and breast cancer incidence decrease late in life probably because
the steady decline in testosterone and estradiol levels starting after midlife may drop below a threshold
required to stimulate the division of the cells of these tissues. The drastic changes in hormone levels occurring
during male puberty in the hypothalamic-pituitary-testicular axis [116] may explain why testicular cancer
incidence peaks 1-2 decades later (Figure 1). According to the stem cell division theory, cancer incidence
increases dramatically with age because the stem cells of many tissues accumulate cell divisions with age. As
we progress from zygote to death, our stem cells accumulate cell divisions, DNA alterations and cancer risk.
However, the transformation of a normal cell into a cancer cell requires cell division, and the accumulation of
DNA alterations in a cell will not lead to cell division unless the extracellular cocktail of mitogenic signals
(chemical and physical signals) is permissive for cell division. The accumulation of mutations in driver genes
does not ensure cell division and cancer formation.
Carcinogenesis requires the accumulation of cell divisions and DNA alterations in a cell. Cancer will not
occur if the cell does not develop mutations and/or other DNA changes. Cancer will neither occur if the cell
does not divide. Both events promote each other and form the vicious circle that drives carcinogenesis. Since
both events are necessary for carcinogenesis, any of them could be considered as the main biological cause of
cancer. However, the accumulation of DNA alterations in a cell is not sufficient for cancer to occur, whereas
the accumulation of cell divisions in stem cells is sufficient for cancer formation. The accumulation of cell
divisions in stem cells drives not only the accumulation of the DNA alterations required for carcinogenesis,
but also the formation and growth of the abnormal cell populations required for cancer formation. In addition,
there is a striking association between the incidence of cancer in a tissue and the lifetime accumulation of
stem cell divisions in the tissue [74,76], but not between the incidence of cancer in a tissue and the lifetime
accumulation of mutations in the tissue [10]. Taken together, the evidence strongly suggests that the main
biological cause of cancer is the accumulation of cell divisions in stem cells rather than the accumulation of
DNA alterations in a cell.
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3.3. The stem cell environment plays a key role in carcinogenesis
If cancer is the end-result of the accumulation of cell divisions in stem cells, it is crucial to understand
what causes the cell divisions required for carcinogenesis. This section discusses that these cell divisions are
not only caused by DNA alterations occurring inside the cells that give rise to cancer, but also by a variety of
extracellular factors that can be grouped in the term 'stem cell environment'. Understanding carcinogenesis
requires understanding how the stem cell environment controls and alters stem cell behavior and fate.
Stem cells are not independent organisms that decide when to divide. Stem cells serve the needs of an
organism that control their behavior and fate in response to changes occurring inside and outside it. The stem
cell environment comprises a variety of local, systemic and environmental factors that control stem cell
quiescence, self-renewal, differentiation, migration, survival and death. The term stem cell environment is
broader than the terms microenvironment or stem cell niche [117,118]. The stem cell environment includes
the cellular and non-cellular components forming the anatomical location of the stem cell. It also comprises
chemical and physical signals acting on the stem cell (e.g., hormones, growth factors, cytokines, signals from
the nervous system, and local mechanical and electrical signals) [117-119]. It also includes the extracellular
levels of nutrients (macronutrients and micronutrients), oxygen, protons (pH) and other ions (e.g., Na+ and
K+), because stem cell behavior and fate is influenced by physiological changes in these parameters [8894,96,120-124]. The stem cell environment also includes any cell from any part of the body that produces any
signal, cell, or non-cellular component controlling stem cell behavior or fate [47]. For example, the division of
epithelial stem cells is influenced by their physical interactions with the collagen fibers forming the
extracellular matrix [121,125,126]. Since these collagen fibers are produced by fibroblasts, the accumulation
of DNA alterations in fibroblasts (e.g., mutations in the collagen genes), or in the cells that gave rise to the
fibroblasts, can affect the division rates of the epithelial stem cell. Likewise, some cells of the
adenohypophysis and testicles form part of the environment of prostate stem cells, because they produce
hormones (e.g., luteinizing hormone and testosterone) that regulate their behavior. By eliminating testicular
cells, castration reduces the levels of testosterone and prevents prostate cancer development in some patients
[127]. Sympathetic and parasympathetic nerves are part of the environment of specific stem cells because the
activity of these nerves influences their behavior [36,117,121]. Denervation of the stomach suppresses gastric
carcinogenesis probably because the parasympathetic vagus nerve facilitates carcinogenesis by promoting the
division of the stem cells of the stomach [36]. The stem cell environment of any stem cell actually includes
any signal generated inside or outside the body that the nervous system receives and traduces into any
message (e.g., changes in hormone and neurotransmitter levels) affecting the behavior of the stem cell. Light
is part of the environment of some stem cells because it can affect their behavior [128,129]. This can explain
why circadian disruption from electric lighting can increase the risk of cancer, particularly breast cancer [2022,130-132]. Shift-work that involves circadian disruption is actually classified by the International Agency
for Research on Cancer as probably carcinogenic to humans (Group 2A) [23]. The microbiota is part of the
stem cell environment because it can affect stem cell behavior and fate in a variety of ways (e.g., production
of chemicals, consumption and production of macronutrients and micronutrients, immunomodulatory effects,
etc); this can explain why changes in the microbiota alter cancer risk [133-148]. Our mothers were an
essential component of the environment of our stem cells when we were in utero, because they provided
multiple signals and nutrients that regulated the behavior and fate of our first stem cells. Understanding the
magnitude and the changing nature of the stem cell environment, and its importance in controlling stem cell
behavior and fate, is crucial for understanding carcinogenesis.
The following analogy, which is based the seed and soil hypothesis developed by Patel to explain the
organ-preference patterns of tumor metastasis [149], may be useful to easily see the amplitude and importance
of the stem cell environment in carcinogenesis. Consider that the cell that gives rise to cancer is a seed and
cancer is a tree. Carcinogenesis would be the process by which the seed gives rise to the tree. The changes
occurring in the seed are necessary but not sufficient to generate the tree. The seed will not germinate and the
tree will not grow unless they are in a soil with specific chemical and physical properties (e.g., mineral and
nutrient composition, pH, porosity, etc). But even if the seed is in a perfect soil, the tree will not grow unless
the environmental conditions are favorable (e.g., light, temperature, rain, altitude, etc). The formation of a tree
cannot be understood by focusing on the changes occurring inside the seed, or by focusing on the interactions
between the seed and the soil. Likewise, carcinogenesis cannot be understood by focusing on the DNA
alterations occurring in a cell, or by focusing on the interactions between the cell and its local
microenvironment. Understanding carcinogenesis requires understanding how stem cell behavior and fate
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(i.e., quiescence, self-renewal, differentiation, migration, survival and death) are controlled and altered by the
numerous and changing local, systemic and environmental factors comprising the stem cell environment
(Figure 6).

Figure 6. Cancer formation requires the cooperation between the stem cell and the stem cell
environment. The accumulation of cell divisions required for carcinogenesis requires DNA changes
occurring inside the stem cell (e.g., expression and repression of genes that promote and restrain cell
division) and changes occurring in the stem cell environment (e.g., delivery of adequate levels of nutrients
necessary for cell division, and production of the mitogenic signals that trigger the expression or repression
of the genes involved in cell division). The stem cell environment comprises local factors (e.g., paracrine
signals, physical interactions with other tissue components, and extracellular levels of oxygen and nutrients),
systemic factors (e.g., hormones and signals from the nervous system), and environmental factors (e.g., light,
microbiota, and our mothers during embryonic development). Black arrows represent that these factors can
alter stem cell behavior and fate by acting on the stem cell directly or indirectly. See text for details.

Understanding cancer requires understanding that cell death is a major driver of carcinogenesis. Once
our tissues are formed and we stop growing, cell death occurring during physiological tissue renewal becomes
the main trigger for the accumulation of cell divisions in stem cells. Many tissues need to renew their cells
frequently to maintain functionality [119,150], and most cancer cases are known to arise from these tissues.
Since death cells cannot give rise to cancer, cell death occurring during tissue renewal drives carcinogenesis
by acting on the local environment of the stem cells. Pathological factors (e.g., tissue injury, infections, and
inflammation) and environmental factors (e.g., drinking very hot beverages) can also cause cell death and
promote carcinogenesis. These cytotoxic factors will play an important role in carcinogenesis if they become
chronic or persistent, because they will trigger a continuous renewal of the damaged tissue. These
pathological and environmental factors do not need to cause an acute cytotoxic effect to increase the risk of
cancer. They just need to cause sufficient damage to reduce the lifespan of the cells that need to be replaced
by the stem cells. Stem cells will have to divide more often than usual, and they will accumulate an extra
number of cell divisions that will increase their risk of malignant transformation.
It is widely acknowledged that mutagenic agents increase the risk of cancer by causing mutations in the
cells that give rise to cancer. However, these agents can also promote carcinogenesis by killing or reducing
the lifespan of the cells that need to be replaced by stem cells. For example, tobacco smoke can increase the
risk of lung cancer not only by inducing mutations in the stem cells of the lungs, but also by inducing
mutations and other damages to the differentiated cells lining the lung epithelium. These cells are actually
more exposed to tobacco smoke than stem cells, which are usually sheltered in deeper layers. In addition,
quiescent stem cells have powerful defense mechanisms against chemical carcinogens [151]. Damages to the
cells lining the lung epithelium will shorten their life; this will force stem cells to divide more often than usual
to replace the cells and ensure tissue function. Cell division will lead to cancer-related errors (Figure 5), and
will also expose the DNA of the stem cell to local and systemic tobacco carcinogens [152].
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4. The stem cell division theory of cancer provides a new framework for
understanding carcinogenesis and has important implications for cancer prevention
and therapy
We will not fully understand carcinogenesis until we learn how our body works and interacts with the
environment. However, the SCDTC provides a new framework for better understanding carcinogenesis even
with the currently available information. Below I discuss several examples to show that this model of
carcinogenesis can explain, or provide the basis for explaining, observations that have long puzzled cancer
researchers, such as the existence of cancers of unknown primary site (metastatic cancers without primary
tumors) or the increased cancer risk found in people exposed to non-mutagenic factors. I also discuss that this
model of carcinogenesis has important implications for cancer prevention and therapy.
It is widely accepted that metastasis is the process by which cancer cells leave primary tumors and form
secondary tumors in other locations [153,154]. However, this view of metastasis does not explain the
existence of cancers of unknown primary site (CUP), also called occult primary cancers. These cancers are
defined as metastatic cancers for which primary tumors are not found after detailed diagnostic investigations
[155-158]. These relatively common cancers are an important cause of cancer death. For example, 10,142
people in the UK died of CUP in 2014; only lung, colon, breast and prostate cancers caused more cancer
deaths [12]. Because primary tumors are not found in many patients even on postmortem examination, the
existence of this type of cancer is considered to be a biological mystery [155]. CUPs are also described as
unrelated cancers that share the property of having a diminutive primary tumor that escapes detection.
Because the site of the primary tumor usually dictates the treatment and expected outcome in patients with
metastasis, this view of CUP creates uncertainty and anxiety among oncologists and patients, who may feel
that their diagnostic evaluation has been incomplete [44,156-158].
According to the SCDTC, cancer originates and largely develops in stem cells. The migration ability of
stem cells can therefore explain the existence of cancer of unknown primary site [44]. A cancer of unknown
primary site probably arises when deregulated, premalignant or malignant stem cells migrate away from their
natural tissue and give rise to a cancer in a new site before or without generating a tumor in their original
location (see Figure 1 of reference [44]). It is important to realize that forming a tumor in a tissue is not
necessary for stem cells to migrate away from that tissue. During embryogenesis, stem cells are known to
invade tissues, migrate through the interior of the embryo, travel long distances, and establish in new places to
participate in the formation of organs and tissues [159-161]. During metastasis, cells invade tissues, migrate
through the lymphatic and circulatory systems, travel long distances, and establish in new tissues to form
tumors [153]. Although the migration ability of stem cells is repressed after embryonic development, it
probably reappears when stem cells or their environments become altered, for example, after tissue injury or
under an inflammatory context [162-166]. The activation of developmental programs (e.g., epithelialmesenchymal transition programs) during metastasis can explain why, despite intensive efforts, no genetic
mutation has been shown to be required for metastasis [5]; these developmental programs do not require
mutations to be activated. Metastasis should be seen as the process by which cells from a tissue form tumors
in other locations [44]. All metastatic cancers, including those of an unknown primary site, fit in this
definition. Understanding CUP is important to reduce uncertainty and concern in oncologists and patients
dealing with this type of cancer. After a detailed imaging and pathological analysis, oncologists can tell their
patients with CUP that metastasis does not always involve the formation of a primary tumor, and that their
diagnostic evaluation is complete [44,47].
Numerous epidemiological studies have shown that drinking very hot beverages increases the risk of
developing esophageal cancer [24-27]. This habit may be an important cause of cancer in some populations.
For example, most inhabitants of Golestan province, Iran, drink tea at high temperatures and in quantities
greater than one liter per day [24]. A case-control study conducted in this population showed that drinking hot
tea and very hot tea was respectively associated with 2.07-fold and 8.16-fold increases in the risk of
esophageal cancer compared with drinking warm tea [24]. The carcinogenicity of drinking very hot beverages
[26] may explain why the incidence and mortality of this cancer in Iran are unusually high. Esophageal cancer
incidence and mortality in this country is actually higher than in other countries in which smoking and heavy
alcohol consumption (two major risk factors for esophageal cancer) are much more common [27,167]; for
example, this cancer is the second cause of cancer-related deaths in Iran, whereas it ranks 20th in Greece and
13th in Russia [27]. The International Agency for Research on Cancer (IARC) recently classified drinking
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very hot drinks as probably carcinogenic to humans (Group 2A) [26]. However, since drinking very hot
beverages is not considered to be mutagenic or mitogenic, it is unclear why this habit increases the risk of
developing the disease. According to the SCDTC, when we drink something hot enough to severely damage
the cells lining the esophagus, the stem cells located in deeper layers of the mucosa have to divide to produce
new cells to replace the damaged cells. It has been estimated that esophageal stem cells divide every 21 days
under normal conditions [74]. Regular drinking of very hot beverages probably force the stem cells of the
esophagus to divide more often than usual and, therefore, to accumulate an extra number of cell divisions. The
accumulation of an extra number of cell divisions in stem cells leads to the accumulation of an extra number
of mutations and other cancer-promoting errors (Figure 5), which increase their risk of malignant
transformation. Drinking very hot beverages increases the risk of developing esophageal cancer because this
habit promotes the accumulation of cell divisions in the stem cells involved in the formation and maintenance
of the esophagus [27]. Understanding and recognizing that regular consumption of very hot beverages is
carcinogenic to humans is an essential step to take preventive measures. Taking preventive measures is
crucial, because esophageal cancer therapy is not usually curative even when the disease is detected early (the
five-year relative survival rates for esophageal cancer are 41%, 23% and 5% when the disease is diagnosed,
respectively, at a local, regional or distant stage [11]). In addition, since consuming very hot beverages is
avoidable and probably less addictive than smoking and drinking alcohol, the development of guidelines to
avoiding this habit may have a major impact on prevention. In individuals and populations with this habit,
simple measures like adding some cold water to a boiling cup of tea may prevent more esophageal cancer
deaths than therapy, and at a lower cost. These simple and easy-to-follow guidelines could lead to significant
reductions in esophageal cancer incidence and mortality in exposed populations [27].
It has been estimated that approximately 5.8% of all cancer deaths can be attributed to alcohol
consumption [168]. Recent estimates indicate that the relative risk for heavy drinkers compared with
nondrinkers is 5.13 for oral and pharyngeal cancer, 4.95 for esophageal cancer, 2.65 for laryngeal cancer, 2.07
for liver cancer, 1.44 for colorectal cancer and 1.61 for breast cancer [169]. However, since ethanol is not
mutagenic and the carcinogenic metabolite of ethanol (acetaldehyde) is mostly produced in the liver, it is
unclear why the highest risk of cancer occurs in tissues in closest contact on ingestion of ethanol [170]. Not
fully understanding the mechanism of carcinogenesis of ethanol is a barrier to raise public awareness of the
strong link between alcohol consumption and cancer [171]. Realizing that cell death is a key trigger for the
division of stem cells can explain why alcohol consumption preferentially exerts a local carcinogenic effect
[72]. Although ethanol is known to cause cell death at concentrations present in alcoholic beverages, the
prevailing model of carcinogenesis is a cell-centric model in which cell death (e.g. apoptosis) is generally
seen as a protective mechanism against carcinogenesis: a dead cell cannot give rise to cancer. According to
the SCDTC, however, cell death plays a key role in cancer development; recall that most cancers arise from
tissues in which cell death continually occurs. If we regularly drink alcoholic beverages containing cytotoxic
concentrations of ethanol, we will be killing or reducing the lifespan of some of the cells lining the oral
cavity, pharynx and esophagus, and we will be forcing the stem cells located in deeper layers to divide more
frequently than usual. When they divide to replace the damaged cells, cancer-related errors will occur (Figure
5). It has been estimated that the stem cells in these tissues divide every 2-3 weeks under normal
physiological conditions [74]. These division rates probably increase when cytotoxic concentrations of
ethanol are ingested regularly. Alcohol consumption may therefore increase the risk of developing cancer of
the oral cavity, pharynx and esophagus by promoting the accumulation of cell divisions in the stem cells of
these tissues. Understanding the mechanism by which alcohol consumption preferentially exerts a local
carcinogenic effect has an important implication for cancer prevention. The high risk of cancer of the oral
cavity, pharynx and esophagus associated with alcohol consumption can be significantly reduced not only by
limiting the amount of alcohol, but also by avoiding the ingestion of cytotoxic concentrations of ethanol [72].
Our unpublished data indicate that short-term exposures (2-3 seconds) to ethanol concentrations between 10%
and 15% begin to cause a cytotoxic effect on human epithelial keratinocytes in a concentration-dependent
manner. Choosing alcoholic beverages containing non-cytotoxic concentrations of ethanol, or diluting ethanol
to non-cytotoxic concentrations, may be a simple and effective way to significantly reduce the risk of cancer
of the oral cavity, pharynx and esophagus in alcohol users [72].
Epidemiological studies have shown that exposure to non-ionizing radiations can increase the risk of
developing some types of cancer [34,172,173]. The human evidence of carcinogenicity is conflicting for some
cancers, but it is consistent for others. For example, numerous epidemiological studies have shown a positive
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association between exposure to extremely low-frequency electromagnetic fields (ELF-EMFs) and childhood
leukemia; ELF-EMFs are non-ionizing radiations typically emitted by power lines, electrical wiring and
electrical appliances. It has repeatedly been observed that exposures greater than 0.3-0.4 microtesla (µT)
increase the risk by approximately 1.5-2 fold. A pooled analysis published in 2000, which included nine wellconducted studies, reported a twofold increase in risk of childhood leukemia among children with exposures
of 0.4 μT or higher (RR: 2.0; 95% CI: 1.27-3.13; P value: 0.002); adjustment for potential confounding
variables did not appreciably change the results [28]. Another pooled analysis published the same year, which
included 15 studies based on less restrictive inclusion criteria, showed a relative risk of 1.7 for exposure
above 0.3 μT [29]. New studies are in line with these large pooled analyses [30,31,174-176]. For example, a
meta-analysis based on 11,699 cases and 13,194 controls showed that the relative risk was 1.57 for exposure
above 0.4 μT [31]. It has been estimated that 2% of childhood leukemia cases in Europe are attributable to
ELF-EMFs [32,33]. The International Agency for Research on Cancer has classified ELF-EMFs as possibly
carcinogenic to humans (Group 2B) [34]. However, it is considered unlikely that ELF-EMFs can cause
cancer, because this type of radiation does not have enough energy to damage the DNA. Not having a
biological explanation for the epidemiological link between ELF-EMFs and childhood leukemia is a barrier to
develop guidelines to protect children and pregnant women from this type of radiation. Currently, guidelines
for limiting exposure to ELF-EMFs are far above the levels found to increase the risk of childhood leukemia
in human studies; the typical guideline limit for the general public is 100 µT at 50 Hz and 83 µT at 60 Hz
[177]. Although children are particularly vulnerable to EMFs [178], this guideline limit is the same for adults
and children.
The SCDTC provides a new framework for explaining the link between exposure to non-ionizing
radiations and cancer. According to this theory, the risk of having cancer is not only increased by mutagenic
agents or by agents that induce a direct mitogenic effect, but also by any factor that promotes the
accumulation of cell divisions in stem cells by acting on the stem cell or on the stem cell environment.
Evidence indicates that leukemia arises from hematopoietic stem cells (HSCs) [179-183]. It is also known that
HSCs migrate during embryonic development and early childhood; the migration of HSCs allows different
sites to participate in hematopoiesis at different moments in life [184,185]. Importantly, numerous
investigations have shown that ELF-EMFs can stimulate the division of stem cells and promote tissue
regeneration [34,186-192]. In addition, cell migration is regulated by physiological electric currents [123,193195], and ELF-EMFs are known to induce electric currents that can alter cell migration [34,88,191,192,196198]. Exposure to ELF-EMFs may therefore disrupt the migration of HSCs and alter their fate. HSCs might
reach an abnormal location more permissive for cell division upon disturbance by ELF-EMFs. Disruption of
tissue polarity by ELF-EMFs may also alter the balance between symmetric and asymmetric cell division in
stem cells [88,199]; this can lead to changes in stem cell fates that can promote the accumulation of cell
divisions in stem cells (Figure 2). Although the precise mechanism by which ELF-EMFs increase the risk of
childhood leukemia remains to be elucidated, evidence indicates that ELF-EMFs may promote the
accumulation of cell divisions in HSCs through a direct or indirect mitogenic effect. Unlike the somatic
mutation theory, the SCDTC is compatible with the evidence of carcinogenicity shown by ELF-EMFs in
numerous human studies. This should be sufficient to admit that such evidence of carcinogenicity is not an
epidemiological artifact caused by bias, confounding or change. Not yet fully understanding how ELF-EMFs
increase the risk of childhood leukemia should not be a barrier to develop more restrictive guidelines to
protect children and pregnant women from these radiations; the human evidence of carcinogenicity is already
available. Taking protective measures can reduce the incidence of childhood leukemia in populations now
exposed to this type of radiation [200].
Chemoprevention is the use of drugs to prevent or delay the development of disease. This preventive
approach is widely used in the management of cardiovascular diseases. Physicians do not wait until people
have cardiovascular accidents to start fighting these health problems. Because hypertension and
hypercholesterolemia are known to play a crucial role in the development of cardiovascular complications,
doctors prescribe drugs to control blood pressure and cholesterol levels and thus prevent future complications.
This preventive strategy has significantly contributed to the reduction in cardiovascular mortality observed in
developed countries during the last several decades [201]. Cancer chemoprevention, however, is restricted to
a few anti-hormone drugs for some subtypes of cancer. Although chemoprevention has the potential to
become an essential approach to controlling cancer [202], this discipline is clearly underdeveloped, probably
because it is difficult to prevent a process without knowing where it starts and how it progresses. Knowing
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that most cancers originate and largely develop in stem cells, and that the accumulation of cell division in
stem cells is the main determinant for carcinogenesis, creates new opportunities for cancer chemoprevention
[46]. Identifying and controlling physiological and pathological signals that stimulate the division of stem
cells may prevent these cells from accumulating an excessive number of cell divisions. For example, PGE2 is
known to be a key signal for the division of normal and cancer stem cells [203,204]. Since aspirin use can
reduce PGE2 levels, it is not surprising that taking a daily low-dose aspirin (75–100 mg) can reduce the risk
of developing and dying from cancer [27]. An analysis of multiple clinical trials, cohort studies, and casecontrol studies showed that aspirin use reduces cancer incidence by approximately 35% in colorectal cancer,
30% in esophageal and gastric cancers, 10% in breast and prostate cancers, and 5% in lung cancer [205].
Aspirin use also reduces cancer mortality by approximately 50% in esophageal cancer, 40% in colorectal
cancer, 35% in gastric cancer, 15% in lung and prostate cancers, and 5% in breast cancer [205]. Aspirin can
also reduce cancer mortality in patients already diagnosed with specific tumors [206,207], which suggests that
aspirin can prevent the development of established tumors in addition to reducing their incidence. Although
aspirin use can increase the risk of bleeding [208], this example shows that controlling the division of stem
cells through chemoprevention may be a key strategy to reduce cancer incidence and mortality [27].
According to the SCDTC, most of the cell divisions and DNA alterations required for carcinogenesis are
unavoidable. Cell division is necessary to produce the huge number of cells required for living, and many
DNA alterations occurring during cell division are inevitable. In addition, the striking variations in cancer
incidence by age and among tissues are rather similar in populations exposed to different environmental
carcinogens [167]. This seems to indicate that having cancer is a matter of bad luck, and that avoiding
environmental carcinogens may not be the best strategy to reduce cancer mortality [74,209,210]. However,
the fact that most cancer risk is unavoidable does not mean that most cancer cases are unpreventable. For
example, being old (an 'unavoidable' risk factor) is the main risk factor for most cancers, including lung
cancer. Lung cancer is around 600 times more common in people over 60 years old than in people under 30
[11]. Avoidable factors do not increase cancer risk that much; tobacco use increases lung cancer risk by
approximately 20 times [42]. However, although age is the most important risk factor for lung cancer,
avoiding tobacco is known to prevent a high percentage of lung cancer cases. Avoidable risk factors such as
tobacco can be seen as the 'the straw that breaks the camel’s back'; they are not the major contributors in most
cases, but they can be decisive (https://1.usa.gov/299vyPx). The following analogy may help reinforce this
key concept. Consider that stem cells are bottles, and that cancer occurs if the water in one of the bottles
reaches the top. A cancer risk factor is any factor that adds water to a bottle, the risk of having cancer is the
amount of water accumulated in the bottle, and cancer occurs if the water reaches the top. Even if two-thirds
of the bottle were filled as a consequence of random mistakes associated with unavoidable cell divisions,
cancer would not occur if we avoid the cancer-risk factor contributing the last drop of water. Preventing a
small percentage of cancer risk can prevent many cancer cases. This explains why avoiding tobacco (a minor
cancer risk factor compared with age) prevents many lung cancer cases. Therefore, the fact that much cancer
risk is unavoidable does not mean that most cancer cases are unpreventable.
Avoiding cancer risk factors can partially protect stem cells from becoming malignant. This partial
protection may be sufficient to avoid in many cases 'the drop of water that fills the bottle' and will lead to a
cancer-free life in many cases. In other cases, however, primary prevention efforts will not stop stem cells
from becoming malignant. Stem cells have to divide, and some errors occurring during cell division are
unavoidable. But secondary prevention is still possible in these cases. The accumulation of DNA alterations in
stem cells can make them vulnerable to specific pharmacological (chemoprevention) and nonpharmacological interventions. Finding a preventive strategy to selectively kill premalignant stem cells before
they give rise to cancer is possible. In our analogy, these preventive strategies consist of breaking the bottle
before the water reaches the top. Finding ways to selectively eliminate premalignant stem cells would make a
major impact on cancer prevention [27].
The SCDTC opens new ways to treat cancer. For example, it is widely assumed that drug therapy is the
only way to treat cancer patients when local therapies are no longer indicated. According to the SCDTC,
advanced cancers can also be treated without drugs by manipulating the environment of cancer cells. The
stem cell environment is not only crucial for carcinogenesis (Figure 6), but also for cancer evolution and
survival. As discussed elsewhere [68,211], evolution and survival not only depend on the acquisition of
beneficial DNA changes, but also on favorable environments for these DNA changes. Mutations that provide
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a survival benefit under a specific environment may be lethal under a different environment. According to the
SCDTC, cancer cells can be selectively killed by altering the environment under which they have evolved.
Importantly, food availability is a critical environmental factor, and all cancer cells have acquired DNA
alterations under environments in which the levels and ratios of most food constituents (i.e., macronutrients
and micronutrients) have remained relatively constant. For example, normal diets provide the 20
proteinogenic amino acids at relatively constant levels and ratios. We recently proposed that it is possible to
create a lethal environment for cancer cells with a protein-free artificial diet in which the levels and ratios of
specific amino acids are manipulated [212]. The aim of this anticancer strategy is to create challenging amino
acid imbalances to force cells to activate genetic programs to obtain adequate levels of each of the 20
proteinogenic amino acids. Normal cells would use their functional genome to adapt to and resist this
temporal challenging environment. Cancer cells, however, would be unable to do so, because their DNA
alterations would compromise their ability to activate the genetic programs required to survive the new
environment [212]. Our preliminary in vivo experiments suggest that this strategy has potential for the
treatment of advanced cancers. One of our artificial diets is improving the efficacy of the standard treatment
sunitinib in a model of renal cell carcinoma with immunocompetent mice. Under our challenging
experimental protocol [213], sunitinib treatment improves mice survival but does not cure any of the animals.
Several (but not all) of the mice fed with our artificial diet are alive and without any sign of disease. Although
our data are still preliminary, they suggest that targeting the cancer environment may be useful not only to
delay cancer progression, but also to selectively eliminate cancer cells in vivo.

5. Concluding remarks
According to the stem cell division theory of cancer, cell division is the key event in carcinogenesis. It is
well known that cell division is necessary for cancer cell proliferation and tumor growth. This theory says that
cell division is also necessary for the transformation of a normal cell into a cancer cell. The more cell
divisions a stem cell has accumulated from the zygote, the higher the probability that the stem cell will divide
uncontrollably to form a cancer. In other words, since cell division can lead to cancer-promoting errors that
deregulate cell division (Figure 5), the accumulation of cell divisions makes cell division go out of control.
This theory also says that carcinogenesis largely develops in stem cells (Figure 4). No other cell type can hold
our DNA long enough to accumulate the multiple DNA changes required for carcinogenesis and, at the same
time, go through the numerous cycles of cell divisions required for the malignant transformation of the cell. In
addition, stem cells have the exclusive potential to produce an unlimited number of cells until the end of the
life of an organism or tissue. Under normal conditions, stem cells use this potential to produce the large
number of cells required for living. After malignant transformation, they use this potential to produce the
cancer cells required for tumor formation and growth. Figure 7 summarizes this theory of carcinogenesis and
the prevailing model of carcinogenesis (the somatic mutation theory of cancer).
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Figure 7. Prevailing model of carcinogenesis (somatic mutation theory of cancer) and proposed model
of carcinogenesis (stem cell division theory of cancer). According to the somatic mutation theory, the
main biological cause of cancer is the multistep accumulation of mutations in oncogenes and tumorsuppressor genes. If a cell acquires a particular set of mutations in these genes, the cell will acquire the
capacity to produce the cells required for cancer formation and growth. These mutation are caused by DNA
damage generated by endogenous processes (e.g., reactive oxygen species produced during metabolism) and
by exposure to environmental carcinogens (e.g., tobacco chemicals, ionizing radiations, viruses and
bacteria). According to the stem cell division theory, the main biological cause of cancer is the accumulation
of cell divisions in stem cells. The accumulation of cell divisions in stem cells drives the accumulation of the
DNA alterations required for carcinogenesis, and also the formation and growth of the abnormal cell
populations required for cancer to occur. These cell divisions are caused by the sum of a variety of
physiological, pathological and environmental factors. These factors not only include DNA damage caused
by endogenous processes or by environmental carcinogens. They also include, for example, physiological
changes in the levels of hormones and growth factors, cell death occurring during physiological tissue
renewal, cell death (or cellular damage) occurring during pathological conditions (e.g., tissue injury,
inflammation, and infection), and exposure to non-mutagenic environmental factors. According to the
SCDTC, cancer formation requires both the accumulation of cell divisions and DNA alterations in stem
cells. At the initial stages of carcinogenesis, the accumulation of DNA alterations is a consequence of the
accumulation of cell divisions rather than a cause. At the final stages of carcinogenesis, however, the
pathway becomes reversible (*), and both events form a vicious circle that drives cancer formation and
growth. According to the SCDTC, the risk of developing cancer is not only increased by mutagenic factors,
but also by any factor that promotes the accumulation of cell divisions in stem cells by acting on the stem
cell or on the stem cell environment. See sections 3.2 and 3.3 for details.

The SCDTC is strongly supported by results from numerous human studies involving thousands of
millions of people around the world. Cancer registries show how many of us are diagnosed with cancer every
year, the type of cancer we have, and the age at which the disease is diagnosed. Although people from
different countries are often exposed to different carcinogens, cancer registries constantly show that some
cancers are much more common than others, and that the incidence of most cancers changes considerably
with age [11,12,167]. These differences in cancer incidence are not only constant, but also striking. The
SCDTC is primarily based on analysis of these differences in cancer incidence. For example, the idea that cell
division is the key event in carcinogenesis is based on the marked differences in cancer incidence among
tissues with different renewal capacities. Cancer registries show that most cancers occur in tissues that renew
their cells frequently, that is, in tissues whose cells accumulate many cell divisions throughout life. Cancer
almost never arises from tissues whose cells rarely divide, even though these tissues are also exposed to
naturally-occurring DNA damages and to environmental carcinogens. The differences in cancer incidence
among tissues with different renewal capacities are striking; colon cancer is over 100,000 times more
common than heart cancer (Table 1). To realize how large these differences are, recall that lung cancer
incidence in heavy smokers is only 20 times higher than in never smokers [42]. The striking correlation
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recently found between the lifetime number of stem cell divisions accumulated by a tissue and the incidence
of cancer in that tissue [74,76] strongly support that the accumulation of cell divisions in stem cells is the
main determinant of carcinogenesis (section 3.3). Cancer registries also show that our risk of cancer increases
dramatically with age (Figure 1A). For example, the probability of being diagnosed with lung cancer is
approximately 600 times higher in people over 60 years old than in people under 30 [11]. The marked
increase in cancer incidence with age strongly supports the idea that cancer is the end-result of the
accumulation of cell divisions in stem cells. Cancer incidence increases with age because the stem cells of
many of our tissues accumulate cell divisions with age. Many tissues must accumulate cell divisions in stem
cells to replace damaged cells and maintain tissue function throughout life.
To be widely accepted, a cancer theory must be compatible with the striking variations in cancer
incidence by age and among tissues constantly shown by all cancer registries. A cancer theory cannot be
correct if it cannot explain why people around the world develop some cancers at different frequencies than
others, and why the highest risk of developing each type of cancer almost always occur at a specific moment
in life. Theories primarily based on data from laboratory studies may be compromised by assumptions and
experimental manipulations inherent to any experimental research. Laboratory data can demonstrate that a
normal differentiated cell can be transformed into a tumorigenic cancer cell by inserting a set of mutations
commonly found in human tumor samples [66,214,215]. However, this does not mean that human cancers
occur because differentiated cells acquire such a set of mutations. One could also demonstrate that a traffic
accident can be caused by breaking the ribs of a driver, but this does not mean that traffic accidents occur
because drivers suffer this type of injuries (see traffic accident analogy in section 3.1). In addition, data from
laboratory studies are usually based on few experiments (typically three repetitions) with a limited number of
samples under experimental conditions that we have designed to demonstrate our hypotheses. Unlike
laboratory studies, cancer statistics provide observational data that are not biased by experimental designs.
The age at which a person is diagnosed with cancer, and the type of cancer he or she has, leave little room for
bias. In addition, these observational data are based on studies involving millions of people, which are
repeated almost every year in many parts or the world. To be widely accepted, a cancer theory should explain,
for example, why lung cancer in non-smokers is diagnosed thousands of times more frequently than heart
cancer in smokers. It should also explain not only why cancer incidence increases dramatically with age, but
also why cancer incidence decreases late in life for many cancers and peaks at different moments in life for
specific cancer types (Figure 1). The somatic mutation theory cannot easily explain the first observation;
mutagenic agents resulting from tobacco smoke can enter the bloodstream and reach all tissues and organs
including the heart [152,216]. Recent evidence actually indicates that the lifetime accumulation of mutations
in our tissues does not explain the variation in cancer risk across tissues [10]. The somatic mutation theory
can neither explain why the accumulation of mutations occurring during a person’s lifetime is not translated
into an increase in cancer incidence from the beginning of life until death (Figure 1). Additional evidence
challenges the somatic mutation theory of cancer [13,68,211,217,218].
Since the somatic mutation theory cannot explain important aspects of carcinogenesis, alternative
models of cancer are gaining support. This is the case of the Tissue Organization Field Theory (TOFT)
[13,219,220]. According to TOFT, cancer is a problem of tissue organization that arises from disruption of the
interactions between the cell and other tissue components. Tissue organization would be disrupted by
intercellular chemical signals, mechanical forces, and bioelectric changes. Because all of these changes are
known to play an important role in embryonic development, this theory is often summarized as 'development
gone awry' [13,219]. As discussed previously, the disruption of interactions between a cell and other tissue
components plays a crucial role in carcinogenesis. In addition, tumor formation and growth inevitably leads to
tissue disorganization, which in turn promotes cancer progression. However, this theory of carcinogenesis
does not explain the variations in cancer incidence by age and among tissues constantly observed in human
populations. It does not explain, for example, why lung tissue in non-smokers becomes disorganized
thousands of times more commonly than heart tissue in smokers. It neither explains why lung, prostate and
breast tissues become disorganized hundreds of times more frequently in people in their 70s than in people in
their 20s, or why these tissues become disorganized less frequently in people in their 80s than in people in
their 70s (Figure 1). It has also been proposed that the key event in carcinogenesis is the acquisition of a selfdefined fitness function (a loss of communication between the cell and its local environment) [68], an aberrant
pH regulation [221,222], or an alteration in oxygen metabolism [223]. Although these views of carcinogenesis
can explain important aspects of the disease [68,221,223], they can neither explain the variations in cancer
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incidence by age and among tissues. These models of carcinogenesis do not explain why the acquisition of a
self-defined fitness function, the development of an aberrant pH regulation, or the acquisition of an alteration
in oxygen metabolism occurs thousands of times more frequently in the lungs of non-smokers than in the
heart of smokers. They neither explain why the highest risk of developing these events increases with age for
some cancer types, but not for others (Figure 1).
According to the SCDTC, the incidence of lung cancer in non-smokers is much higher than the
incidence of heart cancer in smokers mainly because the stem cells involved in the formation and maintenance
of the lungs accumulate more cell divisions than those involved in the formation and maintenance of the heart
[224,225]. Unlike the heart, the lungs must accumulate cell divisions in stem cells to periodically replace
damaged cells and thus maintain tissue function throughout life. The heart does not usually need to renew
their cells to maintain functionality and, therefore, their stem cells do not need to accumulate cell divisions
once the heart is formed. The accumulation of DNA damage in cardiac stem cells induced by tobacco
carcinogens is insufficient to stimulate their division, because their local and systemic extracellular
environment is not permissive for cell division under normal conditions. As explained previously, cancer
incidence decreases late in life for most cancers and peaks at different moments in life for specific cancers
because cell division must be active during the whole process of carcinogenesis. The accumulation of cell
divisions and DNA alterations in a cell will not lead to cell division and cancer formation if the extracellular
environment becomes less permissive or stops being permissive for cell division. Realizing that the stem cells
of different tissues divide in response to different local and systemic extracellular signals, and that the levels
of some of these signals change at different moments in life, is crucial to understand the variations in cancer
incidence by age. The known decline in stem cell functionality occurring in most tissues late in life may also
be caused by a reduction in the number of stem cells and by DNA changes (e.g., epigenetic changes and/or
telomere shortening) occurring in the stem cells [11].
The SCDTC applies to all types of cancer, including those arising from somatic cells (cells whose DNA
is not transmitted to new individuals) and those arising from germline cells (cells that give rise to egg cells
and sperm cells, and whose DNA can be transmitted over generations). Like for other cancers, the
accumulation of cell divisions and DNA alterations in our germline stem cells (embryonic and adult) drives
the development of germline tumors. These DNA alterations can also alter the risk of any type of cancer in
our progeny, like the DNA changes that took place in the germline cells of our ancestors is influencing our
cancer risk. As an aside, although the DNA alterations acquired by germline cells can be transmitted over
generations, the risk of cancer does not necessarily increase over generations because the accumulation of an
excessive number of DNA aberrations would lead to infertility in progenitors, miscarriage, premature death of
the descendants (before the reproductive period) or infertility in the descendants. Our risk of cancer is
influenced by DNA changes that have occurred during human evolution, including those that happened in our
parents and those that occurred millions of years ago. However, it is convenient to consider that our risk of
cancer starts when our biological life begins, that is, in the zygote.
Cancer research over the last several decades has been driven by a cell-centric theory in which
carcinogenesis is caused and driven by the accumulation of mutations in oncogenes and tumor suppressor
genes. Cancer incidence and mortality have not changed much during the hegemony of this model of
carcinogenesis [226,227]. This limited progress cannot only be attributed to an ageing population, because the
mortality rates of other age-related diseases, such as heart disease, have decreased notably during the same
period [201,228]. Placing the focus inside the genome is an obstacle to understanding important aspects of the
disease. It is like trying to understand the process by which a seed gives rise to a tree by focusing on the DNA
changes occurring in the seed and ignoring the influence of the soil and the environment on this process. Not
understanding the disease is a barrier to develop more effective ways to reduce cancer incidence and
mortality. The somatic mutation theory may also be an obstacle to protect populations from non-mutagenic
cancer risk factors. For example, if most textbooks say that cancer is caused by mutations and drinking very
hot beverages does not cause mutations, how do we explain to people that this dietary habit probably
increases their risk of developing esophageal cancer [24-27]? If non-ionizing radiations (e.g., ELF-EMFs) do
not have enough energy to cause mutations, how do we convince health agencies to develop more restrictive
guidelines to protect exposed populations from this type of radiation [28-34]? If working at night does not
cause mutations, is it necessary to alarm women working at night by telling them that circadian disruption by
electrical lighting probably increases their risk of developing breast cancer [20-23]? The SCDTC provides a
new framework to integrate the huge amount of apparently unrelated information gathered during the last
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several decades into a logical principle. Having a consistent model of carcinogenesis, compatible with cancer
incidence data, is important to turn cancer research efforts into a powerful tool for reducing cancer incidence
and mortality. Although the accumulation of mutations in oncogenes and tumor-suppressor genes is crucial
for the development of many cancers, changing the focus from accumulation of somatic mutations in driver
genes to accumulation of cell divisions in stem cells is necessary to understand carcinogenesis and to reduce
the burden of the disease.
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