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Abstract

Despite the success of treating childhood cancers with cytotoxic agents,
novel therapeutic strategies are required to achieve the next leap in cure
rates. A promising avenue may be to target the origin of childhood cancers.
Here, we review recent advances in tracing the origins of pediatric tumors.
Cancer-to-normal cell comparisons by single-cell mRNA sequencing reveal
the fetal state of cancer cells, as well as their cell of origin. Recent phylo-
genetic analyses have uncovered large tissue-resident precursor clones to
childhood cancers, which already possess key genomic alterations leading to
tumor formation. Both the transcriptional fetalness and genomic status of
the premalignant tissue bed provide further avenues for targeted therapy.
Opverall, these advances begin to describe the precise origins of pediatric tu-
mors and pave the way for novel methods in detecting, treating, and perhaps
even preventing childhood cancers.
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1. INTRODUCTION

The evolution of the treatment of childhood cancer has been a roaring success. When the father
of modern oncology, Sidney Farber, first trialed so-called antifolates in 1947, childhood leukemia
was a universally fatal disease (Miller 2006). Now, seven decades later, the most common variant
of childhood leukemia, standard-risk B cell acute lymphoblastic leukemia, is curable in more than
90% of children through modern treatment protocols that have evolved from arduous collabo-
rative trials of multiagent treatments (Inaba & Mullighan 2020). This success is not confined to
hematological malignancies. Across cancer diagnoses, 80% of children will be cured (Pizzo et al.
2016). However, this apparent triumph of modern pediatric oncology hides two important areas
of stagnation and concern.

First, the prognosis of several cancer types remains stubbornly poor, despite intense basic bio-
logical and clinical research efforts. These include high-grade malignancies such as certain brain
tumors, high-risk neuroblastomas, sarcomas, some renal tumors, and myeloid leukemias. Further-
more, children occasionally succumb to non-high-grade tumors that are resistant to cytotoxic
treatment and are not amenable to surgical clearance. Examples of such low-grade tumors that
may relentlessly relapse and progress include gliomas, fibromatoses, and immature teratomas.

Second, the limit of the tolerability of treatment intensification has probably been reached for
most childhood cancer types. Survivors of childhood cancer often suffer from significant late ef-
fects. Data from the St. Jude Lifetime Cohort Study cohort suggest that late effects are universal
among survivors of childhood cancer (Bhakta et al. 2017). Multimodal cytotoxic treatment does
not necessarily translate into better outcomes, often because incremental survival benefits are un-
dermined by immediate treatment-related toxicity, including death, or by mutilating long-term
adverse effects (late effects), such as the arrest of neurocognitive development following cran-
iospinal radiotherapy of the very young.

As successful as cytotoxic treatment may have been in getting us to the point of curing the
majority of children diagnosed with cancer, the status quo is unacceptable. Furthermore, it would
seem unlikely that further substantial progress will be made through trials of variations of thera-
peutic strategies that are more of the same. Novel strategies are required beyond cytotoxic treat-
ment to achieve the next leap in cure rates. Such approaches may be derived from targeting the
cancer genome or from mobilizing the antitumor immune response. A distinctive advantage of
these approaches would be that they could be adapted from, and developed in parallel to, similar
efforts in adults, as the underlying technical and biological principles are broadly the same. An-
other childhood cancer-specific approach could be to trace and target the origins of childhood
cancer rooted in human development, which we discuss in this review.

1.1. Childhood Cancer is a Developmental Disease

The origin of childhood cancer lies in aberrant human development (Behjati et al. 2021, Filbin
& Monje 2019). The evidence supporting this notion is extensive, albeit often imprecise. One
major line of evidence is that childhood tumors resemble fetal human tissues morphologically.
Max Wilms, for example, already noted in 1899 in his treatise on renal tumors the similarity of
the childhood renal tumor, nephroblastoma (Wilms tumor), and embryonic lineages, which led
him to conclude that these cancers were of fetal origin (Wilms 1899).

A second line of evidence is that the spectrum of childhood tumors is mostly unique and does
not have adult correlates. Cancers of adults are generally of epithelial origin and increase in preva-
lence with age. Childhood tumors, by contrast, are overwhelmingly derived from nonepithelial
lineages and show a predilection for specific, reasonably narrow postnatal age windows. When
childhood and adult cancers are histologically similar, there are typically unique features that
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distinguish these neoplasms. For example, childhood gliomas are often driven by hotspot mu-
tations in type 3 histone genes, which rarely occur in adult gliomas (Mackay et al. 2017). Even for
hematological malignancies, where cancer cells are morphologically and phenotypically very sim-
ilar between adults and children, differences exist. In children, acute B cell lymphoblastic leukemia
with childhood-specific genomic alterations predominates, whereas in adults myeloid malignan-
cies and non-Hodgkin lymphoma are the most common hematological neoplasms (Downing &
Shannon 2002).

A third line of evidence derives from explicit investigations into the origin of childhood cancer.
However, until recently this has largely been based on work in model systems, as discussed below.
There are, however, some notable direct observations in humans that indicate a developmental
origin of childhood cancer. Most prominently, the work of Greaves (2018) led to the discovery
of leukemogenic gene fusions in blood samples obtained at birth from children who developed
overt leukemia later in life. The significance of this finding is twofold. First, it serves as a direct
proof of cancer initiation before birth. Second, the discovery represents a measurable precursor of
childhood cancer, which may in principle be amenable to detection by population-based screening.

1.2. Therapeutically Exploiting the Origin of Childhood Cancer

Given its origin in aberrant, stalled development, pediatric oncologists have long entertained and
pursued the idea of differentiation treatment of childhood cancer. There are two examples of ef-
fective therapies that have entered clinical practice. One example is the retinoic acid derivative cis-
retinoic acid, which is commonly used for the treatment of neuroblastoma in different treatment
protocols. Neuroblastoma is a neural crest—derived cancer that typically arises from the develop-
ing adrenal medulla. It has been of particular interest for research into differentiation therapies, as
certain subtypes of the disease, including a widely metastatic variant of infant neuroblastoma (4S),
may spontaneously regress (van Noesel 2012). Moreover, resection specimens often exhibit gan-
gliocytic differentiation following neoadjuvant treatment with cytotoxic chemotherapy, further
testifying to the ability of neuroblastoma cells to mature. Differentiation of the neural crest into
peripheral neural cells depends in part on retinoic acid signaling, providing the biological rationale
behind retinoic acid treatment. The second example is all-#7ans retinoic acid, another retinoic acid
derivative, which is a highly effective treatment of acute promyelocytic leukemia (APML), a rare
leukemia of children and adults. APML is driven by rearrangements of the retinoic acid receptor,
the dysregulation of which can be overcome through all-truns retinoic acid.

The developmental root of childhood cancer may be further exploited therapeutically by tar-
geting fetus-specific antigens that are preserved in cancer cells and are (relatively) absent from
postnatal tissues. The key exemplar in this regard is the disialoganglioside GD2, which is utilized
by neuroblastoma cells and during sympathoadrenal development (Park & Cheung 2020). In post-
natal tissues, the expression of GD?2 is reasonably confined to the central and peripheral nervous
systems (Kildisiute et al. 2021). Targeting GD2 through antibodies has become a routine treat-
ment for high-risk neuroblastoma and is associated with few, generally manageable adverse effects
(pain, bronchospasm). GD2 has furthermore been targeted through chimeric antigen receptor
T cells in early-phase clinical trials (Straathof et al. 2020).

Finally, identifying the developmental root of childhood cancer may ultimately enable screen-
ing for, and prevention of, childhood cancer if neoplasms were formed via detectable precursors
or were preventable in the first place through interventions during pregnancy. At first glance, the
ideas of mass screening and prevention may appear naive and unrealistic. Yet, screening programs
for rare childhood diseases are already commonplace in the newborn screening that has been im-
plemented in many countries. Furthermore, there is a precedent for preventing the formation of
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a developmental disorder, namely spina bifida by folic acid supplementation during pregnancy. As
preposterous as the concept of screening and prevention may therefore appear to be, it would not
be outside the realm of possibility if the origins of childhood cancers were known, measurable,
and targetable.

2. FINDING THE HUMAN ORIGIN OF CHILDHOOD CANCER

There is a vast body of research into modeling the developmental origins of childhood cancer
in animals. For example, experiments in mice on medulloblastoma, the most common brain can-
cer of children, have revealed distinct developmental and anatomical origins of different subtypes
of medulloblastoma (Gibson et al. 2010). Given that early embryogenesis and organogenesis are
likely to be preserved evolutionarily, it would seem reasonable to suggest that these findings in
mice may be relevant to human medulloblastoma, especially as murine and human tumors share
morphological and transcriptional features. Nevertheless, beyond weaknesses of individual mod-
els and the generic criticism that mice are not humans, a principal shortcoming of modeling the
developmental origin of childhood cancer is that it is largely attempting to recapitulate the un-
known. For most childhood cancers, we do not know their precise origin in human development
and subsequent pathogenesis. Animal models therefore may, or may not, recapitulate human devel-
opmental oncogenesis faithfully, irrespective of whether the fully formed mouse tumors resemble
their human counterparts in the end. Therefore, there remains a fundamental need to directly
determine the precise origin of childhood cancer in humans. Recent technical advances in single-
cell mRNA sequencing and phylogenetic lineage tracing through somatic mutations have enabled
such endeavors, which we discuss next.

2.1. Matching Cancer and Normal Cells by Single-Cell mRNA Sequencing

Cancer cells may retain transcriptional features of the cells from which they derive. Therefore, it
is possible to gain insights into the origin of tumor cells by identifying the cell type that cancers
most closely resemble (i.e., the normal cell correlate) (Figure 1). An important caveat of this line
of reasoning is that the plasticity of the cancer cell transcriptome may obliterate mRINA traces
of the cancer cell of origin or even change the cancer cell type. Nevertheless, normal cell cor-
relates of childhood cancer have widely been considered to directly represent the cancer cell of
origin. We prefer the more parsimonious view that the normal cell correlates primarily describe
the differentiation state of cancer cells at the time of sampling.

There has been a recent upsurge in cancer cell-to—normal cell nRNA comparisons that aim to
study the cell of origin of childhood cancers. These studies have been enabled by two key advances.
The first is the rise of single-cell mRINA sequencing techniques, including plate-based, full-length
transcript protocols and microfluidic systems that generate single-cell transcript counts, which
are the predominant method utilized in single—cancer cell sequencing experiments (Aldridge &
Teichmann 2020). Single-cell mRNA readouts are a prerequisite for cancer-to-normal compar-
isons, as the transcriptome of a bulk piece of tumor or normal tissue is a composite signal derived
from millions of cells and multiple different cell types. Unless the transcriptomes of individual
cells within a tissue can be captured, cancer-to-normal tissue mRNA comparisons based on bulk
signals are invariably imprecise and may at best hint at the nearest normal cell correlates of cancers.
The second key advance enabling systematic cancer cell-to—normal cell comparisons is the advent
of the Human Cell Atlas project in 2016, a global endeavor to define all cell types of the human
body at single-cell resolution, leveraging, in the first instance, mRNA sequencing (Rozenblatt-
Rosen etal. 2017). Importantly, where legally permissible, this survey includes human fetal tissues
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Figure 1

(@) Transcriptional remnant of the fetal cell of origin in childhood cancers. Childhood cancer is thought to
arise as primordial embryonic cells develop and differentiate into mature cells. Cancer cells (red cell) may
retain specific transcriptional features (blue circle within red cell) of their cell of origin. () A readout of the
cancer cell of origin or normal cell correlate can be obtained through either comparing bulk cancer
transcriptomes to single-cell-derived reference sets of normal cell types (/ef?) or mapping the transcriptional
readouts of individual cancer cells back to these reference sets (right). This latter method requires that the set
of reference cell types is comprehensive and even contains several immature cell types, especially when
tracing the origin of childhood cancers. Panel » adapted from Young et al. (2021).

(Behjati et al. 2018), which are the relevant reference for cancer cell-to-normal cell comparison
of childhood tumors.

Experimental and analytical challenges of cancer cell-to—normal cell comparisons include the
availability of fresh tumor tissues and the identification of cancer cells within single-cell data sets.
Despite advances in single-nucleus RNA sequencing, the gold standard approach to generating
single—cancer cell nRNA readouts remains fresh tumor tissue. In solid pediatric oncological prac-
tice, obtaining fresh viable tumor samples is challenging for several reasons, such as the rarity of
cases, the competition of research with clinical needs over limited biopsy material, and the exten-
sive necrosis that is present in resection specimens following neoadjuvant treatment with cytotoxic
agents. In hematological practice this may be more straightforward, especially for leukemias that
can even be sampled from peripheral blood. As a consequence, the scale of experiments remains
mostly modest at present and confined to tens of specimens. A second challenge lies in identifying
cancer cells within single-cell tumor data sets, as cancer cells may resemble non-neoplastic cells
within tumor specimens. In some tumor types, markers are exquisitely sensitive and specific to can-
cer cells (e.g., CA9 in adult clear cell renal carcinoma), enabling cancer cell identification based on
markers alone (Young et al. 2018). In most tumors, markers are more ambiguous. Furthermore, for
some types of childhood cancer it has not been unequivocally resolved which cell types are can-
cerous. For example, in neuroblastoma there is a controversy as to whether Schwannian stroma
or mesenchymal cells are malignant (Mora et al. 2001), thus necessitating a marker-independent
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method for cancer cell identification. The definitive approach to identifying cancer cells in single-
cell transcriptome data is to look in mRNA sequences for evidence of tumor-defining mutations,
as determined from tumor DNA readouts (direct sequencing, copy number arrays). The predom-
inant type of single-cancer cell mRNA data, non-full-length transcripts, only lends itself to copy
number genotyping, as the proportion of the genome captured is far too limited for point muta-
tion calling. Many methods for copy number calling in mRINA data build upon changes in gene
expression. This approach may be problematic, however, as copy number variation may naturally
coincide with regions of high gene expression in the cancer cell of origin (Kildisiute et al. 2021).
As a consequence, expression-based copy number calling from single-cell data lacks specificity and
may overcall cancer cells. The gold standard approach to calling copy number changes in single-
cell sequencing data is to determine changes from imbalances of ratios of single-nucleotide poly-
morphisms (SNPs), captured by (high-quality) off-target cDNA reads (Fan et al. 2018, McCarthy
etal. 2020). However, the latter approach is an arduous one requiring whole-genome sequencing
of tumors (to derive heterozygous SNP ratios defining copy number changes) and is regrettably
rarely utilized.

2.2. Insights from Matching Cancer and Normal Cells

These challenges notwithstanding, a myriad of single-cell mRNA sequencing studies have
emerged in recent years that aim to trace the origin of childhood cancer, initially comparing can-
cer cells to fetal murine and, latterly, to human fetal cells. Childhood cancers that have been stud-
ied include brain tumors (Filbin et al. 2018, Gojo et al. 2020, Hovestadt et al. 2019, Jessa et al.
2019, Neftel et al. 2019, Tirosh et al. 2016), renal tumors (Young et al. 2018), and neuroblastomas
(Dong et al. 2020, Jansky et al. 2021, Kameneva et al. 2021, Kildisiute et al. 2021), among others.
For most tumor types, it has been possible to identify normal cell correlates that may represent
the cancer cell of origin. Occasional examples of tumor types have emerged with no clear normal
cell correlate. For instance, clear cell sarcoma of the kidney (CCSK) does not clearly resemble any
particular mature or fetal kidney or more primordial embryonic cell, perhaps because the relevant
normal cell has not yet been defined or because CCSK cells are transcriptionally distorted (Young
etal. 2021). Another example without a clear match, in comparisons to developing brain cells, is a
typical teratoid rhabdoid tumor, a childhood brain cancer. It has been suggested that this lack of
a match may be due to an extracranial source of these tumors (Jessa et al. 2019). The overall con-
clusion that one may derive from these studies is that childhood cancer cells very clearly resemble
fetal cells, substantiating in quantitative molecular terms the long-held view that pediatric neo-
plasms are stuck in development, which then defines a specific maturation block for therapeutic
exploitation.

Mining single-cell mRNA analyses of childhood cancer cells for possible therapeutic targets
has enabled the discovery of fetal genes that are utilized by childhood cancer cells but not in
postnatal tissues, akin to the aforementioned example of GD2 expression in neuroblastoma. For
instance, a recent single-cell mRINA study of neuroblastoma and fetal medullae identified such fe-
tal transcripts utilized by neuroblastoma cells, including some that exhibit an even more restricted
expression pattern in normal postnatal tissues than GD2 (Kildisiute et al. 2021). On some level,
these observations were surprising. One might have reasonably expected that previous bulk anal-
yses of neuroblastoma would have exhausted such findings, highlighting the power of quantitative
molecular comparisons of individual cells.

Opverall, these cancer cell-to—normal cell comparisons begin to describe the fetal state, and
perhaps the origin, of childhood cancers and outline some of the possibilities for targeting this

Coorens o Bebjati



fetalness or origin therapeutically. In view of the ambiguity and plasticity of cellular transcription,
tracing the origin of childhood cancer definitively, however, requires phylogenetic approaches.

2.3. Phylogenetic Lineage Tracing from Somatic Mutations

To trace the origins of childhood cancers, one can leverage naturally occurring mutations of the
DNA. All cells in the human body sustain damage to their genomes continuously throughout
life, starting from the zygote. While the vast majority of this DNA damage is correctly repaired,
postzygotic (somatic) mutations accumulate due to infidelities of repair and replication with each
cell division. Therefore, every cell of the human body contains a set of somatic mutations that
serves as a record of its past. Accordingly, somatic mutations shared between different cells suggest
a common developmental lineage, since both are descendants of the cell that originally acquired
those mutations. In principle, this approach can be scaled up to tissues, organs, and entire organ-
isms to determine the developmental origin of each cell, including neoplastic expansions. These
developmental relationships can be visualized as an extensive phylogeny, with the zygote at the
tree’s root, all sampled cells at its tips, and its nodes representing ancestral cells.

The key challenge with such an experiment is obtaining an accurate readout of the set of so-
matic mutations present in normal tissues. Whole-genome sequencing of large chunks of tissues
(i-e., a bulk approach) will typically only yield a handful of detectable somatic mutations from the
first few cell divisions of life (Ju et al. 2017). Since such bulk samples are generally large aggre-
gates of cells with a polyclonal origin, only the earliest mutations will have a high enough variant
allele frequency (VAF) to be detected. The VAF of a mutation multiplied by ploidy reflects the
proportion of the sample that harbors it, with a VAF of 0.5 indicating that the mutation pervades
all cells and a VAF of 0.25 indicating the mutation pervades half of all cells. However, construct-
ing a phylogeny from the VAF of early mutations is severely hampered because we cannot readily
discern which mutations have co-occurred in the same cells.

"To overcome this problem, it is necessary to obtain direct readouts of the set of somatic muta-
tions present in single cells. However, a single cell does not possess enough DNA for sequencing,
so this needs to be amplified to be suitable for mutation detection. In recent years, this has been
achieved in three ways: () single-cell sequencing after biochemical whole-genome amplification
of the DNA, (§) sequencing the progeny of a single cell expanded in vitro, or (¢) sequencing a
naturally occurring monoclonal population of cells (Figure 2a—c). These three approaches are
discussed in the paragraphs below.

Direct single-cell genome sequencing has been used to study somatic mutagenesis in different
normal tissues, such as brain (Lodato et al. 2015, 2018). However, the resolution of single-cell
genome sequencing at a base pair level remains low. While it allows for the detection of copy
number variants (CNVs) (Cheng et al. 2011, Laks et al. 2019), high rates of allelic dropout and the
introduction of artifactual mutations preclude the accurate discovery of single-nucleotide variants
(SNVs) or short insertions and deletions (indels) for phylogeny reconstruction. CNVs are exceed-
ingly rare in normal tissues (Moore et al. 2021), and thus SN'Vs and indels provide the main means
to perform lineage tracing. However, this obstacle can be overcome by specifically interrogating
single cells for known mutant sites such as those discovered through ultradeep sequencing of bulk
samples, which will order these mutations into a phylogeny (Bizzotto et al. 2021, Breuss et al.
2020).

Single cells can be expanded into organoids, colonies, or cell lines, which will amplify the DNA
of the founder cell into an amount that is suited to regular whole-genome sequencing. The pro-
cess of in vitro culturing and expansion will introduce private mutations into these samples, but
mutations shared between two or more independent cultures will be preserved and unadulterated
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by the experimental procedure. Therefore, this approach is well suited for lineage tracing and
has been used extensively for this purpose. The initial proof-of-principle study of mutation-based
lineage tracing used this approach to study early murine development (Behjati et al. 2014). It has
since been applied to construct phylogenies of early embryogenesis from epidermis-derived cell
lines (Fasching et al. 2021, Park et al. 2021), as well as the development and dynamics of adult
(Lee-Six et al. 2018) and fetal (Chapman et al. 2021) blood.

Recently, it has become possible to excise small populations of cells (approximately 200-1,000)
via laser capture microdissection (LLCM) and to subject these to high-fidelity whole-genome se-
quencing (Ellis et al. 2021). This approach can be used on naturally occurring monoclonal popu-
lations such as colonic crypts (Lee-Six et al. 2019, Olafsson et al. 2020, Robinson et al. 2021), en-
dometrial glands (Moore et al. 2020), and patches of placental trophoblasts (Coorens et al. 2021b).
This allows for a direct readout of the somatic mutations present in the founding cell of this unit.
While not every organ is arranged in monoclonal histological units, as demonstrated in recent
body-wide surveys (Moore et al. 2021), it has been possible to build extensive phylogenies of em-
bryonic development across human tissues (Coorens et al. 2021a). An enormous advantage of this
approach is that spatial information of the sequenced LCM cuts is retained, allowing for a precise
histological interrogation of the genomic landscape.

Beside monoclonal populations of normal cells, a cancer is also a clonal outgrowth. The somatic
mutations in the founder cell of a tumor represent a complete record of its history, from the zygote
through its life as a precancerous cell to the establishment of the transformed tumor (Stratton
et al. 2009) (Figure 2d). Rooting the tumor as a tip in an extensive phylogeny of normal cells will
yield the most complete picture of the developmental history of the cancer. However, cancers as
a single clonal lineage enable interrogation of mutant sites in normal bulk tissues, such that the
occurrence of these mutations can be ordered in time. For example, a mutation shared between
a kidney tumor and blood likely represents a mutation that occurred before organogenesis, while
one shared only with normal kidney tissue can signify a local, aberrant clonal expansion. Assessing
the presence of tumor-specific mutations in bulk normal tissues is a more tractable experiment
than the construction of extensive phylogenies to find the root of the cancer, but it is limited in its
resolution. Nevertheless, the main insights from lineage tracing childhood cancers to date have
been gained in this way (Coorens et al. 2019, 2020; Custers et al. 2021).

2.4. Insights from Lineage Tracing Childhood Tumors

In a first experiment, we traced the origin of Wilms tumor to large tissue-resident precursor clones
(Coorens et al. 2019). We discovered somatic mutations that were shared between the Wilms
tumor and corresponding normal kidney, but that were absent from blood. This feature was unique
to Wilms tumors and not found in any other kidney cancer, either pediatric or adult, meaning
that these somatic mutations delineate an early, aberrant clonal expansion. We termed this clonal
nephrogenesis. Upon further analysis, we discovered that the clonal nephrogenesis was driven
by early hypermethylation of the H19 gene. H19 resides within the 11p15.5 locus, an imprinted
region of the genome. Methylation or loss of the maternal allele is a near-universal driver of Wilms
tumor, as well as a primary cause of Beckwith-Wiedemann syndrome when presentin all cells. Our
study showed that an early cell acquires an epimutation of H19 and subsequently generates a large
clonal field from which the tumor eventually emerges. This early clone spans both kidneys in
cases of bilateral Wilms tumor, which indicates that the hypermethylation happens very early in
embryonic development, prior to the divergence of left and right renal lineages.

The initial discovery of an early clonal expansion predisposing to a childhood cancer prompts
questions about the generality of this phenomenon. Recently, whole-genome sequencing of
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hepatoblastoma and surrounding normal liver has revealed tissue-resident clones that already har-
bor loss of heterozygosity of the 11p15.5 locus in 10% of patients (Hirsch et al. 2021). This shows
that, akin to Wilms tumors, hepatoblastoma can arise from precursor lesions with dysregulation
of the H19-IGF?2 imprinting control region.

In addition, lineage tracing of malignant rhabdoid tumors (MRTS) revealed a pathogenesis
very similar to the one observed for Wilms tumor (Custers et al. 2021). MRT was phylogenet-
ically related to large precursor clones in normal nervous tissue that already lost both copies of
SMARCBI, the sole driver event of MRT (Margol & Judkins 2014). These precursor lesions pos-
sess a cancer-like mutation burden and clonal composition even more pronounced than the clonal
nephrogenesis observed in Wilms tumor. Intriguingly, no discernible genetic events with a phe-
notypic consequence distinguished the normal clone from the tumor. This might suggest that a
nongenetic event, such as the transition to a so-called neoplasia-ready epigenetic state (Feinberg
et al. 2006), might control the final transformation from normal to cancer cell.

It is of note that the vast majority of patients in whom we identify a precursor clone do not
possess a germline mutation predisposing to cancer. Instead, the initiating step appears to be the
acquisition of an early mosaic event, such as loss of SMARCBI or hypermethylation of H19. Unlike
inherited predisposing mutations, mosaic drivers have the ability to create a differential fitness
landscape across cells in the developing embryo or fetus and cause an aberrant clonal expansion of
a single lineage. In other words, if all cells carry a driver mutation, none of them have an advantage
over one another. However, if only some cells harbor a genomic alteration that increases their
fitness, those cells have the opportunity to outcompete their unmutated counterparts. In such a
scenario, this imbalance can potentially disrupt the physiological course of development and create
large precursors lesions spreading through different organs.

This notion is reinforced by our study of bilateral neuroblastoma of the adrenal glands
(Coorens et al. 2020). Here, left and right tumors only shared a small number of postzygotic
mutations, all of which were also present in blood. Moreover, some tumors shared mutations with
blood absent from the contralateral tumor. This indicates an early divergence of tumor lineages
during the first few cell divisions of life and, hence, an independent emergence of both tumors.
This is likely a consequence of the germline predisposition mutations present in these children.

The discovery of tissue-resident precursor clones that possess some of the key genomic features
of their corresponding tumors has profound implications for the screening, treatment, and possible
prevention of childhood cancers. Firstly, these precursors are delineated by precise genomic or
epigenomic changes, which in principle allow them to be detected or even targeted for treatment.
A preliminary experiment in MRT showed that reexpression of SMARCBI, as well as combined
HDAC and mTOR inhibition, induces differentiation of MRT (Custers et al. 2021), opening up
a possible avenue for differentiation therapies.

Secondly, the fact that these cells are morphologically and functionally normal, despite harbor-
ing driver mutations, hints at a process active in vivo to overcome their potential to form cancers.
To illustrate, the risk of Wilms tumor drops dramatically after age 6 and is essentially zero be-
yond age 10 (Breslow et al. 1988). If clonal nephrogenesis represented a lifelong predisposition to
Wilms tumor, such tumors would continue to appear throughout the entirety of childhood and
long after. However, the absence of such prolonged increase in risk suggests that the predisposing
effect of mosaic H19 hypermethylation is transient and stoppable.

Opverall, we have been able to discover a recurrent pattern of premalignant clonal expansions
from which childhood cancers emerge, despite the limited resolution offered by comparison to
bulk normal tissues. It is unlikely that these findings represent exceptions to the rule, as many
childhood cancers might arise from small, local preneoplastic expansions. These would be im-
possible to detect using a bulk approach, but more sophisticated and detailed methods of spatial
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genome sequencing provide a robust methodology for the next generation of phylogenetic lineage
tracing experiments in childhood cancer.

3. FUTURE DIRECTIONS

Taken together, the results from comparing transcriptomes and genomes of childhood cancers to
corresponding normal tissues have provided us with unprecedented insights into the origin and
formation of pediatric malignancies. However, the current lines of inquiry only scratch the surface
of what is possible and needed to fully realize the clinical potential of these findings. The future
directions fall in roughly three categories.

Firstly, genomic and transcriptomic studies need to be rolled out systematically to investigate
the origins of a much wider spectrum of childhood malignancies. The challenge posed here comes
from the rarity of some childhood cancers.

Secondly, there is a need to leverage recent advances in genome sequencing (Ellis et al. 2021),
which will enable exciting opportunities to root the development of childhood cancers in ex-
tensive phylogenies of normal tissues. The incorporation of genome sequencing of microscopic
histological regions allows for a much higher resolution in the detection and spatial mapping of
these precursor clones. This would also provide invaluable insights into the precise developmental
point at which precursor clones emerge and their evolution thereafter.

Thirdly, to gain the most complete picture of the origins of childhood cancers, it is necessary to
integrate genomic and transcriptomic data, which could be bolstered even further by the inclusion
of epigenomic assays. Rather than the disconnected findings on the cancer cell of origin and the
genetic lesions in precursor clones, such approaches would enable us to precisely quantify the
differences between normal cells with and without malignant potential.

Together, these approaches provide us with a powerful means to identify and assess pediatric
malignancy-specific targets for screening, therapy, and perhaps even prevention, which may herald
a new chapter in the treatment of childhood cancers.
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