
JSM Clinical Oncology and Research

Cite this article: Levine AJ (2020) Non-Random Selection of Cancer-Causing Mutations in Tissue-Specific Stem Cells Cause Cancer. JSM Clin Oncol Res 8(1): 
1063.

Central

*Corresponding author
Arnold J Levine, Institute for Advanced Study, Simons 
Center for Systems Biology, Princeton, USA, Email: 
alevine@ias.edu

Submitted: 27 August 2020

Accepted: 22 September 2020

Published: 22 September 2020

ISSM: 2373-938X

Copyright
© 2020 Levine AJ

 OPEN ACCESS 

Research Article

Non-Random Selection of  
Cancer-Causing Mutations in 
Tissue-Specific Stem Cells Cause 
Cancer
Arnold J Levine*
Institute for Advanced Study, Simons Center for Systems Biology, Princeton, USA

ABBREVIATIONS
CpG cytosine-3’5’: guanosine monophosphate; LGR5: leucine-

rich repeat containing G-coupled receptor-5; WNT:  wingless;  LPR 
6: low density lipoproteion receptor-6; Fzd5: frizzled receptor 
d5; APC: adenomatous polyposis coli; SMAD: transcription factor 
for the TGF-beta pathway; TGF-beta transforming groth factor 
beta; Ras: rat sarcoma; BRCA 1/2: breast cancer gene; PTEN: 
phosphatase and tensin homolog; TSC1/2: tuberous sclerosis 
proteins 1,2; WT 1:  Wilms tumor; ATM: ataxia telangiectasia 
mutant.

INTRODUCTION

A Stem Cell Classification

Throughout any complex organism’s development, including 
sexual maturity, adult life, and aging, there are many different 
stem cell types that arise and populate the organism. The 
fertilized egg is the totipotent stem cell that is the forerunner of all 
cell types. In many multicellular animals, it produces a spherical 
blastocyst, where a subset of stem cells (inner cell mass cells 
in mammals) produce the organism and the outer trophoblast 
cells produce the membranes of the fetus. The symmetry and 
topology of the blastocyst is broken by gastrulation, forming 
anterior-posterior poles, dorsal-ventral sides and a sphere-to-
torus transition. Three sets of stem cells, endoderm, mesoderm 
and ectodermal produce a subset of tissue-types in the body of 

the organism. As these tissues form, tissue-specific stem cells 
become responsible for producing the many different tissues of 
the organism and the many different cell types that populate a 
tissue. Tissue-specific stem cells function in the fetus to produce 
the organs. In mammals, they function throughout life to replace 
normal and damaged or aging tissues.  In humans, tissue-specific 
stem cells in the crypt, reproduce a new endodermal lining every 
four days [1]. In skin, tissue-specific stem cells located in the 
hair follicle, produce new skin clones every 28 days [2]. In the 
hematopoietic system, tissue-specific stem cells located in the 
bone marrow, replicate to create a variety of progenitor cells 
that produce mesenchymal derivatives, which populate both the 
blood and tissues in a variety of organs [3]. In humans and mice, 
these tissue specific stem cells are the target cells for mutations 
that lead to tissue-specific cancers [4]. 

Changes, Tissue Regeneration and Tissue Replacement   

In many invertebrates, such as the planarian flat worms, 
cutting the worm in half causes the frontend to regenerate a 
backend, and the backend to regenerate a frontend. This is 
accomplished by a differentiated cell in the area of the cut, that is 
reprogrammed epigenetically to dedifferentiate, losing epigenetic 
marks, and forming what is termed a blastema [5]. The blastema 
then regenerates a head or tail, depending upon its location in the 
worm. Similarly, vertebrates such as fish, amphibians and even 
some reptiles, can regenerate a tail or appendage as an adult 
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Abstract

Tissue-specific stem cells are the target for selected mutations in oncogenes or tumor suppressor genes that enhance the fitness of these cells, resulting in 
a self-limited clonal expansion and eventual cancer development. The initial or truncal mutations in the stem cell select for subsequent mutations that enhance 
their fitness, producing a reproducible order of mutations, selected for in each tissue type, during cancer development. Mutations in stem cells occur randomly, 
but the selection for increased fitness, occurs non-randomly, conferring a functional order on the selection of mutations. Tissue-specific stem cells are “units of 
natural selection” for somatic stem cells throughout life. This is why inherited cancer-causing mutations, which, by definition, are initial or truncal mutations, are 
observed to cause cancers with limited tissue specificities, even though the mutations are present in stem cells for all tissue types. 

In future studies, we need to understand why the same signal transduction pathways function differently in different tissue-specific stem cells. We also need 
to understand the truncal mutations for each cancer type, so as to eradicate the stem cell clones for that cancer before they produce a malignant tumor. To 
accomplish these objectives, we need to carry out new kinds of clinical trials with drugs that target mutations in tissue-specific stem cells.
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using these same dedifferentiating strategies. In experiments 
carried out by Yamanaka and Takahashi, using mouse or 
human fibroblasts in cell culture, which were epigenetically 
reprogrammed with four transcription factors, produced inner 
cell mass-like stem cells that could differentiate into many or 
all mouse tissues in vivo or diverse cell types in vitro [6]. It is 
curious that this is the case with mammalian fibroblasts, even 
though these animals are not capable of regenerating limbs, and 
utilize tissue-specific stem cells to regenerate selected tissues. 
However, the efficiency with which the Yamanaka factors 
reprogram differentiated mammalian cells is poor (0.1-1%) and 
the time it takes to accomplish this is long (weeks to months) 
in culture. This makes a good deal of sense because epigenetic 
marks, and cell and tissue types, must be stable and resistant 
to change. The mechanisms that form the basis for this stability 
have been explored by Jaenisch and his colleagues [7]. They 
made a conditional mutation in the DNA methyl-transferase-1 
gene of mice. This is the copy DNA methyl-transferase gene, 
whose protein will identify a methylated CpG dinucleotide on 
a DNA template strand and methylate a cytosine on the newly 
synthesized DNA strand so that the DNA epigenetic marks are 
inherited in a tissue-specific fashion. In this experiment, the 
DNA methyl-transferase-1 activity is destroyed by the Cre-Lox 
mediated mutation placed in this gene (similar to the cancer-
causing mutation in that gene). The resultant cells divide twice and 
then undergo apoptosis [7]. A few cells can escape the apoptosis 
and go on to be transformed and cause a cancer [8]. When the p53 
gene is also deleted, along with the DNA-methyl-transferase-1 
gene, apoptosis fails to occur, and the cell produces a cancer. 
Most interestingly, when the Yamanaka factors reprogram a 
differentiated cell carrying a temperature sensitive p53 mutation 
at the restrictive temperature (non-functional p53), they very 
efficiently produce stem cells (up to 80% efficiency) in a short 
period of time, while at the non-restrictive temperature (p53 is 
active), the efficiency is low and the time to reset the epigenetic 
program is long [9]. Thus, it appears that a p53-regulated activity 
is important for epigenetic stability [10]. This is just one of the 
reasons why the p53 gene is the most commonly mutated gene in 
human cancers [11], and why there is epigenetic instability and 
epithelial to mesenchymal transitions, in cancerous tissues. 

Tissue-Specific Stem Cells

Tissue-specific stem cells are the targets of mutations 
that produce tissue- and cell- type-specific cancers. This was 
demonstrated by the isolation of tissue-specific stem cells from 
normal tissues, which are cloned and produce organoids in cell 
culture, and are shown to produce many or all of the cell types 
in normal tissues [4].  When these stem cells are cloned from 
cancerous tissues, they harbor the mutations that cause these 
cancers [4]. These stem cells from many diverse tissues have in 
common that they all express Lgr5 G-protein coupled receptors 
on their cell surface. This receptor is coupled to the Wnt ligand 
receptors LRP-6 and Fzd5, and when internalized into the cell 
together, potentiate the Wnt pathway, increasing its downstream 
transcription and replicating the stem cells that then differentiate 
into the many different cell types of that tissue [12]. Over a life-
time, these tissue-specific stem cells replicate and accumulate 
about 40 mutations per year (both cancer-causing and non-
cancer-causing mutations) [13]. This was demonstrated by 

obtaining stem cells from organoids (small intestine, colon and 
liver), derived from individuals 3 to 87 years-old, and sequencing 
whole genome DNA from the stem cells. These tissue-specific 
stem cells reproduce themselves in a specific location in a tissue, 
producing a pool of stem cells, some of which become committed 
to differentiate into tissue components. These stem cells thus 
become Darwinian units of selection for reproductive fitness [3]. 
When mutations occur in pathways that have an impact upon cell 
division, cell death, or DNA repair processes (the loss of which 
increases the mutation rate), these mutations affect the fitness 
of the stem cell, in some cases increasing the concentration of 
stem cells carrying the mutation, producing a self-limited benign 
tumor [14]. Such initial or truncal mutations in a tissue-specific 
stem cell produce a small clone of cells in the tissue, as has been 
observed with notch mutations in skin [15] and esophagus [16, 
17] and leukemias [18-23] harboring DNA methyltransferase 3 
beta (epigenetic) and p53 (DNA damage response) mutations. 
In cells shed in uterine fluid from women who develop ovarian 
cancer, ultra-deep sequencing has enabled the detection of p53 
mutations. Ultra-deep sequencing has also enabled detection of 
age-related p53 mutations in normal healthy women [14]. Not 
every oncogene product or tumor suppressor gene mutation is 
functional in a tissue-specific stem cell [24, 25]. Different tissue-
specific stem cells have different mutations in tumor suppressor 
genes or oncogenes that result in observed phenotypes, such as 
increased fitness or self-limited clonal cell growth. This could 
be due to a lack of transcription of the causal gene in a tissue-
specific stem cell or to a lack of activity of the gene product [25]. 
In fact, this is why inherited tumor suppressor gene mutations 
or inherited defective DNA repair gene mutations, which are by 
definition initial or truncal mutations, demonstrate a distinct 
tissue- or cell-type phenotype [24,26]. Table 1 lists a number of 
inherited mutations of tumor suppressor or DNA repair genes 
that demonstrate an early age of onset of a tissue-specific cancer, 
even though many of these genes are expressed in a wide variety 
of tissue types. 

The Order of Mutations Producing a Tumor Matters

Vogelstein and his colleagues [27,28] were the first to suggest 
that in colon cancers, mutations occur or are selected for in a 
specific order, with APC mutations occurring first, producing a 
small benign tumor, activating RAS mutations occurring next, 
producing a larger benign tumor, inactivating SMAD4 mutations 
occurring third, producing a large benign tumor, and inactivating 
p53 mutations occurring last, producing a malignant tumor. They 
did this by collecting colonoscopy samples from many different 
individuals and reconstructing the events by the size and state 
of the tumor. This idea was confirmed by obtaining normal 
colon organoids and introducing the mutations for APC, RAS, 
SMAD4 and p53, using a CRISPR/Cas9 mutational mechanism, 
to introduce mutations into the tissue-specific stem cells in 
different orders of addition. The most efficient order to produce 
an organoid that was tumorigenic in nude mice was APC, followed 
by RAS, followed by SMAD4, and then by p53. P53 mutations 
introduced first, or before the other oncogenes, had no impact 
alone [29]. The concept that the order of mutations mattered 
was proven experimentally by introducing a transposon into a 
mouse genome that moved around the genome causing insertion 
mutations and abnormal gene expression. The transposon 
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was expressed in the cells of the intestine, inserting randomly 
throughout the genome. Under these conditions, 50% of the mice 
developed an intestinal tumor and survived for 85 days. When 
homozygous inherited p53 mutations were present in the germ 
line of these mice, half the mice survived for 65 days. When 
SMAD4 mutations were present in the germ line of these mice, 
half the mice died in 55 days. When a conditional Kras mutation 
was activated just after birth in the intestine, half the mice lived 
for 40 days, and when a homozygous inherited APC mutation was 
present in the germ line, half the mice died with intestinal tumors 
in 20 days [30]. The APC gene was therefore the most efficient 
initial or truncal mutation in producing an intestinal tumor most 
rapidly. The order of mutations is random, but the selection for 
these mutations is non-random in each particular tissue-specific 
stem cell (Table 1). In slim stem cells in the colon, APC mutations 
enhance the fitness of the cell, producing a clonal expansion of 
stem cells, whereas Kras, SMAD4, and p53, which are required 
after APC for a malignant tumor to arise, do not increase the 
fitness of the stem cell unless APC is present. That the initial 
truncal mutation can affect the order of the genes contributing to a 
tumor received further support when the inherited initial truncal 
mutation was Smad4. In this case, two thirds of the intestinal 
tumors had activating mutations in R-spondin-1 (Rspo-1) and 
Rspo-2, which enhance the WNT pathway by targeting a different 
gene than APC [30]. Thus, having an initial truncal mutation in 
the TGF-beta pathway in a slim stem cell seems to have changed 
the gene that preferentially is selected for mutation in the order 
of selection for fitness of a tumor [30]. This is observed in about 
10% of human colon cancers. Although this is the best studied 
example of the observation that the order of mutational selection 
is important for the optimal selection of a tumor, there are a large 
number of other examples where mutational order matters [24, 
26].

Inherited p53 mutations, Li-Fraumeni Syndrome

The simplest way to determine which tumor suppressor 
genes or DNA repair gene defects are functional in tissue-specific 
stem cells is to examine the phenotypes of inherited mutations 
that act as initial truncal mutations in humans.  By determining 
the tissue types and frequencies of different tumors, the age 
interval in which tumors arise and the excess risk of developing 
a tissue-specific tumor compared to the general population, 

one can begin to classify the oncogenes and tumor suppressor 
genes that initiate cancers in humans [26, 31]. For example, 
some individuals who inherit a cancer-causing p53 mutation 
may develop an adrenal cortical carcinoma at 6 months to 4 
years of age, a choroidplexis papilloma/carcinoma at 6 months 
to 3 years of age, a medullary blastoma at 2-9 years of age, and 
a rhabdomyosarcoma at 1-4 years of age, and these tumors have 
an excess risk of 100-200 times the population not carrying an 
inherited p53 mutation. Liposarcomas are observed from 1-50 
years of age and leiomyosarcomas at 20-60 years of age, whereas 
breast cancers (ER+/PR+) are commonly observed at 18-45 years 
of age in 50-70% of the women with inherited p53 mutations 
[26, 31]. These tumors appear at 50-100-fold excess risk. Colon 
tumors, lung cancers, pancreatic tumors and ovarian tumors all 
occur very late in life, 50-70 years of age, at an excess risk of 2-4-
fold, from that observed in the general population (Table 2). It is 
of some interest that ectoderm and mesoderm derived stem cells 
produce tissue-specific stem cells with inherited p53 mutations 
that lead to tumors much earlier in life and at much higher 
excess risk, than endoderm-derived tissue-specific stem cells 
with p53 mutations. This is not occurring because endodermal 
tissue-specific stem cells do not require p53 mutations to form 
a tumor (table 2). Spontaneous p53 mutations occur at very 
high frequencies in ovarian, colon, stomach, pancreatic and lung 
cancers, but in those cancers, a p53 mutation is selected for as 
one of the last mutations in a series leading to the transition from 
benign to malignant tumors. In those tissues, p53 mutations 
have no impact upon tissue-specific stem cells as initial truncal 
mutations, as seen in the low excess risk of these tumors in 
inherited patients, and the very late time of development of these 
cancers in inherited forms of mice and humans [26] [30-31].

DISCUSSION AND CONCLUSIONS
The target cells for spontaneous mutations that lead to 

cancer development are tissue-specific stem cells [4]. Because 
of exposure to mutagens and the replication of these stem cells 
over time, they accumulate about forty spontaneous mutations 
per year of life [13]. There are hundreds of oncogenes and 
tumor suppressor genes, and it takes mutations in only about 
2-5 of these genes to initiate a malignant cancer. There are also 
hundreds of genes that encode different DNA repair functions. 
Inherited or spontaneous mutations in these DNA repair genes 
contribute to an enhanced mutation rate and an earlier onset of 
cancer. These are the reasons why the age of a person is such 
an important variable for cancer development. Cancer rates 
rise logarithmically with age [24], although in cases where an 
inherited mutation contributes to cancer, the incidence commonly 
occurs at a younger age. Each tissue-specific stem cell type that 
contributes to the repair and renewal of each tissue of the body, 

Table 1: Examples of Mutations that Cause Inherited Tissue Specific 
Cancers at Early Ages.
Mutated Gene Tissue Specific Cancers

Retinoblastoma Retinoblasts, followed by Osteogenic sarcomas

P53 Medulary blastoma, Adrenal corticocarcinoma, 
Rhabdomyosarcoma, Sarcomas

BRCA-1/2          Ovarian cancers, Breast cancers

PTEN Cowden Disease, Hamartomas, Breast cancers
Lynch Syndrome -
Mismatch repair
APC

Polyps of the colon

TSC-1/2 Astrocytomas

WT-1 Nephroblastomas

ATM Lymphomas, Leukemia

Table 2: Selected Examples of Somatic p53 Mutations that occur at 
high frequencies and Function as Late mutations in the order of Cancer 
Development.
Tissues Frequency

Serous Ovarian 100%

Colorectal adenocarcinoma 70%

Pancreatic 60%

Non Small Cell Lung Adenocarcinoma 70%
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responds to a random mutation in only a small subset of tumor 
suppressor genes or oncogenes, by increasing its fitness or clonal 
replication, producing a self-limiting benign clonal expansion 
[24-26]. Although mutations are random in their occurrence, 
selection of a mutation for an increased fitness is not random 
among the oncogenes and tumor suppressor genes. Functional 
mutations are specific to tissue stem cell types. This means that 
there are a limited number of mutations that can act as an initial 
or truncal mutation for a specific tissue type [24,26]. Inherited 
mutations function, by definition, as initial or truncal mutations 
in a subset of tissue-specific stem cells, and, as such, inform us 
as to what gene mutations are functional for increased fitness in 
the human body. This explains why inherited tumor suppressor 
genes demonstrate a clear tissue tumor specificity in causing 
cancers, but the same gene mutations are found at very high 
frequencies in different tissues when they occur as spontaneous 
mutations. Tables 1 and 2 demonstrate the tissues that develop 
tumors at a high excess risk with inherited p53 mutations (and 
other tumor suppressor genes) because they function as initial 
or truncal mutations in that tissue-specific stem cell, whereas 
the very same mutations function, in a series of mutations, as 
late onset spontaneous mutations in other tissues with a very 
low excess risk as inherited tumors. They only function later 
in life after other mutations have accumulated in the tissue-
specific stem cell. This is not to say that these mutations occur 
in a specific order, they do not, mutations occur randomly. It is 
functional selection for increased fitness that occurs in a specific 
order, ultimately producing a malignant cancer. Both the type of 
tissue-specific stem cell and the order of functional mutations, 
modulate the development of a cancer [24-26]. 

An increasing number of examples of these ideas are being 
documented in the literature [24-26]. These observations help 
to explain why drug development for cancers was, from the 
beginning, limited by tissue specificity and why drug approvals 
came with an associated tissue type. More interesting have 
been the drugs that target a specific gene or even a specific 
mutation in a gene (BRAF, RAS, ABL, etc.). They are functioning 
differently in different tissue types of cancers even with the 
exact same mutation. They are, of course, functioning in different 
tissue-specific stem cells. The signal transduction pathways we 
draw in thousands of publications need to be understood as 
approximations, which can function differently in their circuitry 
or feed-back or feed-forward mechanisms, in different stem or 
progenitor cell populations. Drugs focused upon targeted gene 
mutations or even allele-specific mutations, have a good deal to 
teach us as they are explored in different human cancers with 
the same mutation in a different tissue type. This interpretation 
of what is happening in a cancer stem cell may call for a new 
kind of drug and a new kind of clinical trial, carried out to 
understand more about cancer development rather than to get 
to registration first. The comparison of the same mutant allele 
in inherited mutations versus spontaneous mutations (in the 
same or different tissues) is not something that drug companies 
would normally pursue. Perhaps, there is a role for the NCI or 
private foundations to explore this by setting up small clinical 
trials at cancer centers that do not necessarily develop drugs, but 
use them to understand the basis of cancer development, and, 
in the end, learn how to cure cancers before they ever arise as 
malignant or metastatic tumors.

ACKNOWLEDGEMENTS
The author would like to thank Suzanne Christen for help 

with the manuscript and Neal Copeland and Nancy Jenkins for a 
critical reading of the manuscript. This work was supported by a 
grant from the NCI, POI-CA087497-18.

CONFLICTS OF INTEREST
The author is the founder of a Biotech company that is 

attempting to synthesize small molecule reactivators of p53 
mutations. He is also the chair of the Janssen Scientific Advisory 
Board. 

REFERENCES
1. Dubrovsky G, Dunn JCY. Mechanisms for intestinal regeneration. Curr 

Opin Pediatrics. 2018; 30: 424-429. 

2. Takeo M, Lee W, Ito M. Wound healing and skin regeneration. Cold 
Spring Harb Perspec Med. 2015; 5: a023267.

3. Weissman I. Stem cells are units of natural selection for tissue 
formation for germline development and cancer development. Proc 
Natl Acad Sci. 2015; 112: 8922-8928.

4. Sato T, Stange DE, Ferrante M, Vries RGJ, Van Es JH, Van den Brink 
S, et al. Long- term expansion of epithelial organoids from human 
colon, adenoma, adenocarcinoma, and Barrett’s epithelium. 
Gastroenterology. 2011; 141: 1762-1772. 

5. Newmark PA, Alejandro SA. Bromodeoxyuridine specifically labels 
regenerative stem cells of planarians. Develop Biol. 2000; 220: 142-
153.

6. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from 
mouse embryonic and adult fibroblast cultures by defined factors. 
Cell. 2006; 126: 663-676.

7. Jackson-Grusby L, Beard C, Possemato R, Tudor M, Fambrough 
D, Csankovszki G, et al. Loss of genomic methylation causes p53- 
dependent apoptosis and epigenetic deregulation. Nat Genet. 2001; 
27: 31-39.

8. Holm TM, Jackson-Grusby L, Brambrink T, Yamada Y, Rideout WM, 
Jaenisch  R, et al. Global loss of imprinting leads to widespread 
tumorigenesis in adult mice. Cancer Cell. 2005; 8: 275-285.

9. Yi L, Lu C, Hu W, Sun Y, Levine AJ. Multiple roles of p53 related 
pathways in somatic cell reprogramming and stem cell differentiation. 
Cancer Res. 2012; 72: 5635-5645.

10. Levine A, Greenbaum B. The maintenance of epigenetic states by p53: 
guardian of the epigenome. Oncotarget. 2012; 3: 1503-1504.

11. Hainaut P, Pfeifer GP. Somatic TP53 mutations in the era of genome 
sequencing. Cold Spring Harb Perspect Med. 2016; 6: a026179.

12. Carmon KS, Lin Q, Gong X, Thomas A Liu Q.  LGR5 Interacts and Co-
internalizes with WNT receptors to modulate WNT/beta catenin 
signaling. Mol. Cell Biol. 2012; 32: doi:1128/mcb.00272-12. 

13. Blokzijl F, de Ligt J, Jager M, Sasselli V, Roerink S, Sasaki N et al. Tissue- 
specific mutation accumulation in human adult stem cells during life. 
Nature. 2016; 538: 260-264.

14. Salk JJ, Loubet-Senear K, Maritschnegg E, Valentine CC, Williams LN, 
Higgins JE, et al. Ultra- sensitive TP53 sequencing for cancer detection 
reveals progressive clonal selection in normal tissue over a century of 
human lifespan. Cell Rep. 2019; 28: 132-144.

15. Martincorena I, Roshan A, Gerstung M, Ellis P, Van Loo P, McLaren S, 
et al. Tumor evolution high burden and pervasive positive selection 

https://europepmc.org/article/med/29538044
https://europepmc.org/article/med/29538044
https://pubmed.ncbi.nlm.nih.gov/25561722/
https://pubmed.ncbi.nlm.nih.gov/25561722/
https://www.pnas.org/content/112/29/8922
https://www.pnas.org/content/112/29/8922
https://www.pnas.org/content/112/29/8922
https://pubmed.ncbi.nlm.nih.gov/21889923/
https://pubmed.ncbi.nlm.nih.gov/21889923/
https://pubmed.ncbi.nlm.nih.gov/21889923/
https://pubmed.ncbi.nlm.nih.gov/21889923/
https://www.sciencedirect.com/science/article/pii/S0012160600996453
https://www.sciencedirect.com/science/article/pii/S0012160600996453
https://www.sciencedirect.com/science/article/pii/S0012160600996453
https://pubmed.ncbi.nlm.nih.gov/16904174/
https://pubmed.ncbi.nlm.nih.gov/16904174/
https://pubmed.ncbi.nlm.nih.gov/16904174/
https://pubmed.ncbi.nlm.nih.gov/11137995/
https://pubmed.ncbi.nlm.nih.gov/11137995/
https://pubmed.ncbi.nlm.nih.gov/11137995/
https://pubmed.ncbi.nlm.nih.gov/11137995/
https://pubmed.ncbi.nlm.nih.gov/16226703/
https://pubmed.ncbi.nlm.nih.gov/16226703/
https://pubmed.ncbi.nlm.nih.gov/16226703/
https://pubmed.ncbi.nlm.nih.gov/22964580/
https://pubmed.ncbi.nlm.nih.gov/22964580/
https://pubmed.ncbi.nlm.nih.gov/22964580/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3681489/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3681489/
https://pubmed.ncbi.nlm.nih.gov/27503997/
https://pubmed.ncbi.nlm.nih.gov/27503997/
https://pubmed.ncbi.nlm.nih.gov/27698416/
https://pubmed.ncbi.nlm.nih.gov/27698416/
https://pubmed.ncbi.nlm.nih.gov/27698416/
https://pubmed.ncbi.nlm.nih.gov/31269435/
https://pubmed.ncbi.nlm.nih.gov/31269435/
https://pubmed.ncbi.nlm.nih.gov/31269435/
https://pubmed.ncbi.nlm.nih.gov/31269435/
https://pubmed.ncbi.nlm.nih.gov/25999502/
https://pubmed.ncbi.nlm.nih.gov/25999502/


Central
Levine AJ (2020)

JSM Clin Oncol Res 8(1): 1063 (2020) 5/5

Levine AJ (2020) Non-Random Selection of Cancer-Causing Mutations in Tissue-Specific Stem Cells Cause Cancer. JSM Clin Oncol Res 8(1): 1063.

Cite this article

of somatic mutations in normal human skin. Science. 2015; 348: 880-
886.

16. Yokoyama A, Kakiuchi N, Yoshizato T, Nannya Y, Suzuki H, et al. Age- 
related remodelling of oesophageal epithelia by mutated cancer 
drivers. Nature. 2019; 565: 312-317.

17. Martincorena I, Fowler JC, Wabik A, Lawson ARJ, Abascal F, Hall MWJ, 
et al. Somatic mutant clones colonize the human esophagus with age. 
Science. 2018; 362: 911-917. 

18. Welch JS, Ley TJ, Link DC, Miller CA, Larson DE, Koboldt DC, et al. The 
origin and evolution of mutations in acute myelogenous leukemia. 
Cell. 2012;150: 264-278. 

19. Busque L, Patel JP, Figueroa ME, Vasanthakumar A, Provost S, 
Hamilou Z, et al. Recurrent somatic TET2 mutations in normal elderly 
individuals with clonal hematopoiesis. Nat Genet. 2012; 44: 1179-
1181. 

20. Shulush LI, Zandi S, Mitchell A, Chen WC, Brandwein JM, Gupta V, et 
al. Identification of preleukemic stem cells in acute leukemia. Nature. 
2014; 506: 328-333.

21. Acuna-Hidalgo R, Sengal H, Steehouwer M,  van der Vorst M, Vermeulen 
SH, Kiemeney LALM, et al. Ultra- sensitive sequencing identifies high 
prevalence of clonal hematopoiesis associated mutations throughout 
adult life. Am J Hum Genet. 2017; 101: 50-64.

22. Bowman RL, Busque L, Levine RL. Clonal hematopoiesis and evolution 
to hematopoietic malignancies. Cell Stem Cell. 2018; 22: 157-170. 

23. Chen S, Wang Q, Yu H, Capitano ML, Vermula S, Nabinger SC, et 
al. Mutant p53 drives clonal hematopoiesis through modulatory 
epigenetic pathway. Nat Commun. 2019; 10: 5649.

24. Levine AJ, Jenkins NA, Copeland NG. The roles of initiating truncal 
mutations in human cancers: the order of mutations and tumor cell 
type matters. Cancer Cell. 2019; 3: 10-15.

25. Haigis K, Cichowski K, Elledge SJ. Tissue- specificity in cancer: the rule, 
not the exception. Science. 2019; 363: 1150-1151.

26. Levine AJ. p53: 800 million years of evolution and 40 years of 
discovery. Nat Rev Cancer. 2020; 20: 471-480

27. Baker SJ, Markowitz S, Fearon ER, Willson JKV, Vogelstein B. 
Suppression of human colorectal carcinoma cell growth by wild- type 
p53. Science. 1990; 249: 912-915.

28. Baker SJ, Preisinger AC, Jessup JM, Paraskeva C, Markowitz S, Willson 
JKV, et al. p53 gene mutations occur in combination with 17p allelic 
deletions as late events in colorectal tumorigenesis. Cancer Res. 1990; 
50: 7717-7722.

29. Matano M, Date S, Shimokawa M, Takano A, Fujii M, Ohta Y, et al. 
Modeling colorectal cancer using CRISPR–Cas9-mediated engineering 
of human intestinal organoids. Nat Med. 2015; 21: 256-262.

30. Takeda H, Wei Z, Koso H, Rust AG, Yew CCK, Mann MB, et al. 
Transposon mutagenesis identifies genes and evolutionary forces 
driving gastrointestinal tract tumor progression. Nat Genet. 2015; 47: 
142-150.

31. Levine AJ, Chan C, Dudgeon C, Puzio-Kuter A, and Hainaut P, The 
Evolution of tumors in mice and humans with germline p53 mutations. 
Cold Spring Habr Symp Quant Biol. 2015; 80: 139-145.        

32. Saletta F, Pozza LD, Byrne JA. Genetic causes of cancer predisposition 
in children and adolescents. Transl Pediatr. 2015; 4: 67-75. 

https://pubmed.ncbi.nlm.nih.gov/25999502/
https://pubmed.ncbi.nlm.nih.gov/25999502/
https://pubmed.ncbi.nlm.nih.gov/30602793/
https://pubmed.ncbi.nlm.nih.gov/30602793/
https://pubmed.ncbi.nlm.nih.gov/30602793/
https://pubmed.ncbi.nlm.nih.gov/30337457/
https://pubmed.ncbi.nlm.nih.gov/30337457/
https://pubmed.ncbi.nlm.nih.gov/30337457/
https://pubmed.ncbi.nlm.nih.gov/22817890/
https://pubmed.ncbi.nlm.nih.gov/22817890/
https://pubmed.ncbi.nlm.nih.gov/22817890/
https://pubmed.ncbi.nlm.nih.gov/23001125/
https://pubmed.ncbi.nlm.nih.gov/23001125/
https://pubmed.ncbi.nlm.nih.gov/23001125/
https://pubmed.ncbi.nlm.nih.gov/23001125/
https://pubmed.ncbi.nlm.nih.gov/24522528/
https://pubmed.ncbi.nlm.nih.gov/24522528/
https://pubmed.ncbi.nlm.nih.gov/24522528/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5501773/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5501773/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5501773/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5501773/
https://pubmed.ncbi.nlm.nih.gov/31827082/
https://pubmed.ncbi.nlm.nih.gov/31827082/
https://pubmed.ncbi.nlm.nih.gov/31827082/
https://pubmed.ncbi.nlm.nih.gov/30645969/
https://pubmed.ncbi.nlm.nih.gov/30645969/
https://pubmed.ncbi.nlm.nih.gov/30645969/
https://pubmed.ncbi.nlm.nih.gov/30872507/
https://pubmed.ncbi.nlm.nih.gov/30872507/
https://europepmc.org/article/med/32404993
https://europepmc.org/article/med/32404993
https://pubmed.ncbi.nlm.nih.gov/2144057/
https://pubmed.ncbi.nlm.nih.gov/2144057/
https://pubmed.ncbi.nlm.nih.gov/2144057/
https://pubmed.ncbi.nlm.nih.gov/2253215/
https://pubmed.ncbi.nlm.nih.gov/2253215/
https://pubmed.ncbi.nlm.nih.gov/2253215/
https://pubmed.ncbi.nlm.nih.gov/2253215/
https://pubmed.ncbi.nlm.nih.gov/25706875/
https://pubmed.ncbi.nlm.nih.gov/25706875/
https://pubmed.ncbi.nlm.nih.gov/25706875/
https://pubmed.ncbi.nlm.nih.gov/25559195/
https://pubmed.ncbi.nlm.nih.gov/25559195/
https://pubmed.ncbi.nlm.nih.gov/25559195/
https://pubmed.ncbi.nlm.nih.gov/25559195/
https://pubmed.ncbi.nlm.nih.gov/26642854/
https://pubmed.ncbi.nlm.nih.gov/26642854/
https://pubmed.ncbi.nlm.nih.gov/26642854/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4729088/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4729088/

	Non-Random Selection of Cancer-Causing Mutations in Tissue-Specific Stem Cells Cause Cancer
	Abstract
	Abbreviations
	Table 1
	Discussion and Conclusions 
	Table 2
	Acknowledgements
	Conflicts of interest 
	References

