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Epidemiologic and genetic studies have now defined specific patterns of incidence and
distinct molecular features of cancers in young versus aging people. Here, | review a
general framework for the causes of cancer in children and young adults by relating
somatic genetic mosaicism and developmental tissue mutagenesis. This framework suggests
how aging-associated cancers such as carcinomas, glioblastomas, and myelodysplastic leu-
kemias are causally distinct from cancers that predominantly affect children and young
adults, including lymphoblastic and myeloid leukemias, sarcomas, neuroblastomas, medul-
loblastomas, and other developmental cancers. | discuss the oncogenic activities of known
developmental mutators RAG1/2, AID, and PGBD5, and describe strategies needed to define
missing developmental causes of young-onset cancers. Thus, a precise understanding of the
mechanisms of tissue-specific somatic mosaicism, developmental mutators, and their control
by human genetic variation and environmental exposures is needed for improved strategies

for cancer screening, prevention, and treatment.

istory of science is rich with diverse theories
H about the origins of human cancer. Around
400 BCE, Hippocrates favored the humoral cause
of cancer due to the excess of black bile (Diaman-
dopoulos 1996). Once human anatomy was ini-
tially defined in the 1700s with its notable lack of
evidence for black bile, Stahl and Hoffman pro-
posed that cancer is caused by the degeneration
of lymph nodes. With the advent of microscopy
in the nineteenth century, Miiller and later Vir-
chow showed that cancer is instead a disease of
cells (DeVita and Rosenberg 2012). This is in-
deed the case, but what causes cancer?
By the early twentieth century, oncogenic vi-
ruses were among the first proven causes of can-
cer in vertebrates (Krump and You 2018). Many

also recognized abnormal genomes of cancer
cells, beginning with the seminal studies of
Hansemann and Boveri in the early twentieth
century, who documented the abnormal num-
bers and appearance of chromosomes in cancer
cells (Bignold et al. 2006). It was not until the
1960s that chromosomal abnormalities were
linked to mutational oncogene activation as the
cause of cancer (Frohling and Dohner 2008).

SOMATIC MOSAICISM IN CANCER
DEVELOPMENT

Current understanding ofhow cancer developsis
fundamentally based on a multistage mutation
model. Originally introduced by Armitage and
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Doll, the multistage model explains that as
people age, the risk of cancer increases due to
the accumulation of genetic mutations in cells
(Frank 2007). These mutations can at some fre-
quency involve genes that control cell growth and
development, originally termed oncogenes and
tumor suppressor genes. When specific muta-
tions in these genes occur together, they can
transform healthy cells into fully malignant can-
cerous ones, as documented by numerous engi-
neered cellular and animal model systems.

According to this model, certain factors can
accelerate the development of cancer. These in-
clude exposure to mutagens that can damage
DNA and lead to somatic mutations, or inherit-
ing genetic traits (alleles) that make cells less ca-
pable of repairing DNA damage, maintaining
genomic integrity, or regulating cell growth and
division. In older adults, the majority of cancers
are believed to arise from random and stochastic
mutations that accumulate over time in tissues
as byproducts of continuous cell division and
regeneration (Tomasetti and Vogelstein 2015;
Tomasetti et al. 2017). This gradual buildup of
mutations is thought to contribute to the higher
cancer risk seen with increasing age.

Indeed, numerous recent studies have docu-
mented somatic genetic mosaicism in various
healthy tissues, often involving somatic muta-
tions of known tumor suppressor genes, without
overt cancer development (Martincorena et al.
2015; Blokzijl et al. 2016; Lee-Six et al. 2019;
Solis-Moruno et al. 2023). These precancerous
cells are thought to provide a reservoir of cells
somatically predisposed to malignant transfor-
mation and clinical cancer progression (Kakiu-
chi and Ogawa 2021).

This framework offers a cogent mechanism
for the development of cancers in children and
young adults. In fact, several recent studies of
inferred timing of somatic mutations in adult-
onset cancers have concluded that the founding
genetic lesions often occurred during embryo-
genesis or early childhood (Gerstung et al. 2020;
Pareja et al. 2022; Williams et al. 2022). During
development, in a particularly susceptible cell
type or state, as few as one mutation affecting a
key tumor suppressor or oncogene, blocking cell
differentiation, could ultimately lead to malig-

nant transformation. Thus, premature somatic
mosaicism, accelerated by inherited cancer-pre-
disposing alleles or environmental exposure to
mutagens, is the de facto cause of young-onset
cancer in children and young adults.

DEVELOPMENTAL MUTAGENESIS

However, there are several pieces of evidence that
suggest that premature somatic mosaicism can-
not be the only cause. First, numerous genomic
surveys of the somatically mutated genes in ag-
ing-associated cancers in older adults (carcino-
mas, glioblastomas, myelodysplastic leukemias)
versus cancers that predominantly affect chil-
dren and young adults (lymphoblastic leuke-
mias, sarcomas, neuroblastomas, medulloblas-
tomas) have documented extensive divergence
of the specific oncogenes and tumor suppressor
genes mutated in the aging- and young-onset
cancers (Chatsirisupachai et al. 2021; Li et al.
2022; Wang et al. 2022). For example, aging-as-
sociated cancers in older adults almost always
involve oncogenic somatic mutations of TP53,
whereas somatic tumor TP53 mutations are van-
ishingly rare at diagnosis in children (Robles et al.
2016; Grobner et al. 2018; Ma et al. 2018). In
addition, cancer genomes in older adults have
very high rates of single or dinucleotide substitu-
tions, often termed mutational burden, whereas
cancers from children and young adults have so-
matic nucleotide mutation rates that are similar
to their corresponding healthy tissues (Thati-
konda et al. 2023). Instead, young-onset cancers
have increased rates of genome rearrangements,
including deletions, translocations, and other
complex DNA structural variants (Grobner et
al. 2018; Ma et al. 2018).

In addition to these fundamentally distinct
molecular features of aging-associated versus
young-onset cancers, epidemiologic studies of
the incidence of different types of human cancer
have also documented pronounced differencesin
the age-dependence of these cancers (for review,
see Kentsis 2020; Kentsis and Frank 2020). For
example, most adenocarcinomas, such as those
affecting the colon and lung, exhibit monotoni-
cally increasing incidence with increasing age. In
contrast, cancers that tend to affect children and
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young adults, including lymphoblastic leuke-
mias, Hodgkin lymphomas, sarcomas, neuro-
blastomas, and medulloblastomas, exhibit dis-
tinct peaks of incidence, as evident from the
analysis of the surveillance, epidemiology, and
end results (SEER) program data (Fig. 1). Thus,
specific molecular features and age-dependent
incidence of young-onset cancers must result
from distinct primary causes from those leading
to aging-associated cancers in older adults.

The occurrence of specific cancer types in
childhood and young adulthood can be attribut-
ed to two nonmutually exclusive primary mech-
anisms. First, the presence of stem or progenitor
cells with impaired DNA damage repair capabil-
ities during normal tissue development, coupled
with inherent DNA damage from cell division,
can cause somatic mutations of essential onco-
genes and tumor suppressor genes, leading to
cancer initiation. Alternatively, somatic onco-
genic mutations can be induced by developmen-
tal mutators including nucleases and other cellu-
lar processes that induce DNA mutations that
are divergent from their healthy physiologic
substrates. These mechanisms could lead to dif-
ferent types of somatic mutations and distinct
genomic signatures in the resulting young-onset
tumors. This developmental mutator mecha-
nism is distinct from premature somatic mosai-
cism, a process primarily linked to the onset of
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Figure 1. Age-dependent incidence of (red) young-
onset versus (black) aging cancers. (GU) Genitouri-
nary. (Figure based on data acquired from the
SEER database of 8,662,369 malignant cases span-
ning 1973-2014.)
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aging-related cancers in older individuals (see
above).

The distinction between developmental mu-
tators and somatic mosaicism as causes of young-
onset cancers may also have a significant evolu-
tionary consequence. Until the advent of modern
medicine, virtually all cases of human cancer
were lethal. This implies that the biological
mechanisms leading to cancer in young individ-
uals during their reproductive years are subject
to intense negative evolutionary pressure. This
pressure results in both affected individuals and
the specific genetic variants they possess being
eliminated from the population. Thus, prema-
ture somatic mosaicism may be thought of as
an accidental cause of a lethal disease, since
most of its biological causes affect older adults
post their reproductive age. In contrast, develop-
mental mutators, by virtue of affecting children
and causing young-onset cancer incidence, must
also have essential developmental functions,
which thereby can offset the evolutionary cost
of their potential to cause cancer.

For example, the most common childhood
cancer is acute lymphoblastic leukemia (ALL).
ALLisfrequently caused by specific chromosom-
al translocations and deletions that dysregulate
developmental transcription factors and other
regulators of cell growth and development
(Iacobucci and Mullighan 2017). In many cases,
DNA breakpoints of these chromosomal trans-
locations and deletions involve specific se-
quences that are the substrates of the RAG1/2
DNA recombinase (Mullighan et al. 2008; Pa-
paemmanuil et al. 2014). Indeed, deficiency of
Ragl/2 in engineered mouse models prevents
leukemia development (Swaminathan et al.
2015). Normal lymphocyte development also
involves activation of the APOBEC-family de-
aminase AID, which also induces somatic muta-
tions that are characteristically found in many
cases of lymphomas, another common blood
cancer (Gu et al. 2012; Burns et al. 2013; Petter-
sen et al. 2015). Remarkably, the expression of
RAG1/2 and its stereotypical somatic DNA re-
arrangements have also been detected in subsets
of childhood acute myeloid leukemia (AML)
(Boehm et al. 1987; Dyer et al. 1991; van Dongen
et al. 1992; McNeer et al. 2019).
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Thus, RAG1/2 and AID are the primary de-
velopmental mutators for many blood cancers
affecting children and young adults. This evolu-
tionary cost of causing young-onset cancers is
offset by the fundamental functions of RAG1/2
and AID in the healthy development of adaptive
immunity, an essential evolutionary adaptation
that prevents infectious disease in all vertebrate
animalsand humans. Similarevolutionary trade-
offs have been extensively documented for many
physiologic functions in diverseliving organisms
(Haldane and Dronamraju 1990).

While RAG1/2 and AID likely induce cancer-
initiating mutations in many young-onset blood
cancers, they are not expressed beyond the hema-
topoieticlineage, and specifically not in other can-
cers that characteristically affect children and
young adults. Thus, additional developmental
mutators must exist. Recently, PGBD5, another
evolutionarily conserved nuclease with mutagenic
activity in human cells, was found to be expressed
in the majority of solid tumors that affect children
and young adults, including various sarcomas,
medulloblastomas, and neuroblastomas (Hens-
sen and Kentsis 2018). In rhabdoid tumors,
PGBD5 has been found to mediate sequence-spe-
cific somatic deletions and other DNA rearrange-
ments, including those of the essential rhabdoid
tumor suppressor gene SMARCBI (Henssen and
Kentsis 2018). In recent studies, similar mutagenic
activity of PGBDS5 was also found in medulloblas-
tomas, which is the most common childhood
brain tumor (Yamada et al. 2024). In fact, most
Pgbd5-deficient mice are protected from medul-
loblastoma-induced mutations of Ptch1 and Smo,
which are penetrant tumor supressor and onco-
gene mutations in human medulloblastomas. Re-
markably, PGBD5 is deeply evolutionarily con-
served among vertebrates and is required for
normal brain development, as its inherited defi-
ciency has recently been found to cause a human
intellectual disability syndrome (Jubierre Zapater
etal. 2023).

Thus, as RAG1/2 is the developmental mu-
tator nuclease for childhood blood cancers,
PGBD5 appears to be a mutator nuclease for
a subset of childhood solid tumors. While in-
flammatory signaling appears to regulate the
activity of RAG1/2 in developing blood progen-

itor cells, consistent with the epidemiologic link
between the incidence of ALL and infectious ex-
posures in childhood, the molecular mecha-
nisms and biological processes that dysregulate
RAG1/2 and PGBDS5 to cause oncogenic muta-
tions and cell transformation are currently un-
known.

TOWARD INTEGRATIVE MODELS
OF CANCER DEVELOPMENT

Many tumors that affect children and young
adults do not express RAG1/2, AID, or PGBD5.
These distinct childhood cancers, such as astro-
cytomas, for example, exhibit distinct somatic
mutational signatures in agreement with the
developmental mutator causal model. To the ex-
tent that the expression of RAG1/2, AID, and
PGBDS5 is ultimately related to the specific cell
lineages from which developmental tumors orig-
inate, additional developmental mutators in spe-
cific young-onset cancers may be found through
the study of developmental nucleases and other
developmental molecular processes that act on
DNA (Kentsis and Frank 2020).

The developmental nuclease-enzyme hy-
pothesis is especially attractive for developmen-
tal cancers with distinct mutational features. For
example, mixed lineage leukemias have distinct
chromosomal translocations, with topoisomer-
ase 2 implicated in the induction of these onco-
genic DNA rearrangements (Sung et al. 2006;
Cowell et al. 2012). However, the mechanisms
by which topoisomerase 2 or another enzyme
that generates these developmental oncogenic
mutations are currently not well defined. Simi-
larly, Wilms tumors, the most common kidney
tumors in children, have specific patterns of so-
matic deletions and duplications (Gadd et al.
2017). The causes of this distinct and extensive
somatic mutagenesis in children without known
genetic predisposition or genomic instability are
currently unknown.

It is also possible that developmental tumor-
igenesis may involve heritable epigenetic defects
that lead to malignant transformation, without
primary somatic mutations. One can envision
that developmental induction of specific metab-
olites or other forms of epigenetic dysregulation
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can lead to heritable changes in gene expression
and cell transformation. Remarkably, recent
studies have found extensive somatic DNA im-
printing mosaicism in children with sporadic
Wilms tumors and hepatoblastomas (Coorens
et al. 2019; Fiala et al. 2020). Similarly, distinct
subsets of ependymomas currently lack known
pathogenic DNA mutations (Yamaguchi et al.
2023). The causal developmental processes for
such epigenetic tumorigenesis require further
study.

Finally, the premature somatic mosaicism
and developmental mutator causes of young-
onset cancers are not necessarily mutually exclu-
sive. First, the two processes can co-occur within
the same individual, tissue, and cell of origin.
Second, to the extent that most human cancers
are caused by multiple somatic mutations, dis-
tinct genetic causes can cooperate in their induc-
tion. Lastly, the epidemiologic variability of the
incidence of distinct cancers among different
groups of individuals means that differences in
environmental exposure and/or germline genet-
ic variation can contribute to cancer risk. A
precise understanding of the mechanisms of tis-
sue-specific somatic mosaicism, developmental
mutators, and human genetic variation and ex-
posures is required for improved strategies for
cancer screening, prevention, and treatment.
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