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Normal tissue clones preceding childhood kidney cancer

Some tumours arise from pre-cancerous clonal expansions, which are defined by somatic
mutations shared between tumour and precursor lesion. Here, we studied the phylogenetic
relation of nephroblastoma (Wilms tumour), the most common kidney cancer of childhood,
and paired normal renal tissue. Based on analyses of 172 whole genome sequences derived
from 62 tumours and 110 normal tissues, we discovered clones in morphologically normal
kidney tissue. These clones were discernible through somatic mutations present in tumour
and normal renal tissue whilst absent from blood. Normal tissue clones were found in an
initial discovery cohort (2/3 children) and validated in an independent series of children
with nephroblastoma (11/20). The emergence of clones, termed clonal nephrogenesis,
preceded cancer development. Timing clonal nephrogenesis, from phylogenetic analyses in
bilateral tumours, indicated that it can evolve early in embryonic organ development
before left and right kidney primordia diverged. Normal tissue clones were not observed in
30 normal tissue biopsies, sampled in the context of clear cell renal cell carcinoma (8
individuals), suggesting that clonal nephrogenesis may be pathological. Our findings reveal
normal tissue clones from which nephroblastoma emerges. It is conceivable that such
clones form the substrate of recurrent nephroblastoma and of solid childhood tumours
more generally.

We set out to define from somatic mutations the relationship between nephroblastoma, the
most common childhood kidney cancer, and surrounding normal kidney tissue.
Nephroblastoma is a prototypical embryonal cancer that mainly affects infants and children
younger than five years of agel. It is thought to arise from aberrant embryogenesis, as it
resembles fetal nephrogenesis morphologically! and transcriptionally?. It occurs sporadically
in isolation, or in the context of bilateral tumours, multifocal lesions, urogenital
developmental disorders or overgrowth syndromes?.

We analysed a total of 172 whole genome sequences obtained from 47 individuals: 23
children with nephroblastoma; 16 parents of affected children; and 8 adults with clear cell
renal cell carcinoma (ccRCC; Supplementary Table 1). We called base substitutions against
the reference human genome. From each set of donor related tissues, we extracted mosaic
mutations, that is mutations present in two or more tissues at a variant allele frequency (VAF)
of less than 50% in at least one tissue (Methods). We validated the method for calling mosaic
mutations by sequencing parental normal tissue DNA, re-sequencing tissues, and inspection
of raw data (Methods, Supplementary Figure 1). Based on VAF and distribution of mutations
across related tissues, we built phylogenetic trees of tumour development (Methods).

The starting point of our analyses were whole genome sequences from three unilateral
nephroblastomas, along with blood and morphologically normal kidney tissue
(Supplementary Table 1). As expected, we found mosaic mutations describing the first few
cell divisions of the fertilised egg (Figures 1a-d), i.e. variants present in all normal tissues at
VAFs of less than 50% (Supplementary Table 2)3*. Unexpectedly, however, we also detected
mosaic mutations in normal kidneys that were absent in blood, in two cases (Figure le-g,
Supplementary Table 2). These mutations were shared between normal kidney tissue and
tumours.



Several features of these mutations indicated that they defined clones in normal kidney
tissue, as illustrated by case PD37272 (Figure 1le-g). The VAFs of mutations in the normal
tissue of this kidney, variants 3-5 (Figure 1f), were as high as 44%, suggesting that the
mutation was significantly present in 88% of all cells in the biopsy. Mutations 3-5 were
significantly present (p<0.001; see Methods) in the two parenchymal biopsies (i.e. cortex and
medulla) whilst absent from blood DNA, deeply sequenced to 106X genome-wide (Figure 1g).
Similarly, mutations 3-5 were undetectable in renal pelvis, which is embryologically derived
from a different lineage than kidney parenchyma®. Furthermore, the VAF of early embryonic
mutations, variants 1 and 2, was inflated in parenchyma and in tumours (Figure 1f,h). Such
inflation of early embryonic mutations are a feature of tissues that contain a sizeable clone
derived from a single cell (Figure 1c,d). By contrast, in tissues devoid of a major clone, such
as renal pelvis and blood, the VAFs of early embryonic mutations are not inflated (Figure
1b,h). Thus, these normal tissue variants 3-5 delineate a clonal zone within kidney
parenchyma, which we termed clonal nephrogenesis, accounting for up to 88% of cells
sampled in the cortex.

An alternative explanation for these findings could be infiltration of normal tissue by tumour
cells or cross-contamination of DNAs. This explanation is, however, implausible.
Contamination would manifest as shared variants at a low VAF, rather than select mutations
at a high VAF. We formally excluded possible contribution from tumour infiltration and
contamination by employing a binomial mixture model on the observed base counts of
tumour mutations in the normal samples (Supplementary Figure 2, Methods).

Next, we investigated whether clonal nephrogenesis might represent the normal clonal
architecture of human nephrons. If nephrons were normally derived from only one or a few
cells that are distant from the blood lineage, there would always be shared mutations
between parenchymal kidney biopsies and nephron-derived tumours. To test this possibility,
we analysed newly generated and previously published*® whole genome sequences from
another nephron-derived tumour, adult ccRCC. We studied a total of 49 samples, 19 tumours
and 30 normal tissues. Included were one case of bilateral ccRCC (PD24242) and one resection
specimen from which we sampled 11 normal tissues (PD41697). Applying the same analysis
strategy did not detect clones in normal kidney tissue (Figure 2a). This suggests that the
physiological clonal dynamics of fetal kidney development do not commonly generate major
clones in kidney parenchyma. The normal tissue clones we observed in nephroblastoma may
therefore represent abnormal clonal expansions associated with the development of
nephroblastoma. It is, however, possible that clonal nephrogenesis is a common feature of
normal paediatric kidneys that vanishes with age. This would require that potentially large
areas of kidney involute and regenerate during childhood, which is difficult to entertain given
that new glomeruli do not form in the human kidney after birth’.

To further investigate and validate our discovery of clonal nephrogenesis, we studied another
20 cases of nephroblastoma: 15 unilateral tumours with normal tissue biopsies curated
through a British nephroblastoma study, four cases of bilateral nephroblastoma, and one
extensively sampled tumour with ten normal tissue biopsies (Figure 2b-e). Considering the
entire cohort of 23 children, we found evidence of clonal nephrogenesis in 9/19 children with
unilateral nephroblastoma and in 4/4 children with bilateral tumours (Methods, Figure 2b-e).



The presence of clonal nephrogenesis in these tumours was further substantiated by the
inflation of VAFs of early embryonic variants (Figure 2f).

The number of substitutions defining clonal nephrogenesis ranged from 1 to 11 variants per
case (median 4; Figure 2g). Mutations of clonal nephrogenesis were predominantly C>T
transversions in a sequence context attributable to ubiquitous endogenous mutational
processes (Supplementary Figure 3)%°. The VAFs of these nephrogenic mutations varied from
0.04 to 0.44 (median 0.13). A remarkable clone size was found in PD40735, where a single
nephrogenic clone accounted for 75% and 85% of left and right normal kidney samples,
respectively (Figure 2d). No copy number changes were detected in normal kidney tissues.

The timing of the emergence of clonal nephrogenesis during human development could be
defined in three children from whom we obtained bilateral tumours. In two cases, left and
right tumours were derived from the same trunk of clonal nephrogenesis (Figure 3a-e).
Likewise, clonal nephrogenesis found in normal tissues bilaterally in these two children
originated from a common stem (Figure 3a,c). PD36159 is a particularly striking example
(Figure 3c-e). Here, three left tumour samples were phylogenetically more closely related to
the right normal kidney than to the left. In the third child, PD40378, all four left tumour
samples were related to clonal nephrogenesis on the ipsilateral side (Figure 3f). The right
neoplasms, a tumour and a nephrogenic rest, were not derived from clonal nephrogenesis on
the left. No normal tissue of the right side was available for analysis. Taken together, these
findings indicate that in two children with bilateral tumours, clonal nephrogenesis must have
arisen before left and right kidney primordia diverged, early in embryogenesis®. In unilateral
tumours, we cannot definitively comment on the timing of the occurrence of clonal
nephrogenesis. It may have evolved before the kidney was formed or thereafter, followed by
a “clonal sweep” in which clonal nephrogenesis replaced normal kidney tissue.

In the five cases from which we sampled multiple neoplasms of the same kidney, two
configurations of tumour development were seen (Figure 3). Tumours were either derived
from a shared trunk that had emerged from clonal nephrogenesis (e.g., PD40735, Figure 3a).
Or, tumours arose independently and successively from clonal nephrogenesis, alluding to a
sustained potential for tumour budding from normal tissue clones. For example, PD36165
presented with two kidney lesions, a nephrogenic rest and a nephroblastoma. Tumour and
rest, situated at opposing poles of the kidney, had emerged from the same nephrogenic clone,
yet at different time points, followed by clonal diversification (Figure 3h,i) within tumour and
rest.

A central question that our findings raise is whether distinct cancer causing (driver) mutations
underpin clonal nephrogenesis. We annotated germline mutations, mosaic mutations, and
variants of clonal nephrogenesis to identify plausible driver events, in addition to reviewing
clinical genetics reports of children with a suspected predisposition to nephroblastoma. We
detected pathogenic germline events (Supplementary Table 3) in two cases, one child with,
and one child without clonal nephrogenesis. In the remainder of cases we did not find
plausible drivers events explaining clonal nephrogenesis. It is possible that cryptic DNA
mutations, epigenetic events or a stochastic clonal drift underlie clonal nephrogenesis.



We discovered sizeable clones in normal kidney tissue that preceded the development of
unilateral and multifocal nephroblastoma. Our findings portray nephroblastoma as an
insurrection on the background of a premalignant tissue bed, rather than a clearly
demarcated neoplasm in an otherwise normal, polyclonal kidney. Our observations indicate
that clonal nephrogenesis may be the source of recurrence in nephroblastoma treated with
partial nephrectomy. We speculate that embryonal expansion of normal tissue clones may be
a common phenomenon in childhood cancer.
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Figure 1. Clones in normal human kidneys.

(a) Schematic tree of early embryogenesis showing that somatic mutations are acquired in
post-zygotic divisions and retained by the progeny of the cell.

(b) These early embryonic mutations are present in an exponentially decreasing variant allele
frequency in polyclonal tissue. The ability to detect these mutations in bulk tissue therefore
is limited by the sequencing depth. For example, at a typical depth of 30X genome wide,
theoretically only the first four cell divisions can be determined, unless a clonal expansion
occurs (c).

(d) Tumours, which are clonal outgrowths, can either evolve directly from a single cell within
polyclonal tissue or emerge from an expanded clonal precursor.

(e) Overview of tissue sampling in the kidney of PD37272.

(f) Variants in the trunk of the tumour can be detected in normal tissues. If the mutation is
present in tumour, kidney, and blood, it is classified as early embryonic. If it is present in
kidney samples and tumour only, it is clonal nephrogenic. If it is only in the tumour, it is
labelled as such. *p < 0.001 (test of presence using beta-binomial overdispersion,
Methods)White and black circles indicate whether the observed VAF is insignificant (white)
or significant (black).

(8) Raw reads showing mutant locus across samples. Blue highlight shows variant locus.
(h) The VAF for the last embryonic mutation in kidney samples and tumour compared with
blood.

(i) Schematic showing the development lineage of blood and kidney, and subsequently the
pelvis and kidney parenchyma during early embryogenesis. Afterwards, clonal nephrogenesis
occurred within the corticomedullary region from which the nephroblastoma tumour arose.
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Figure 2. Clonal nephrogenesis across cohorts.

(a-d) Presence of clonal nephrogenesis in kidney samples of various cohorts. Kidneys in which
nephrogenic mutations were significantly present are highlighted with an asterisk (see
Methods for statistical assessment). From the VAF of the estimated earliest nephrogenic
mutation in these kidney samples we approximated the contribution of this ancestral tumour
clone to the kidney sample (with 95% confidence interval, Methods).
(e) Overview of the extensive spatial sampling of kidney PD41610 with histology for selected
sampling sites.

(f) Clones can also be detected using the VAF of the last embryonic variant. This plot shows
the contribution of the last embryonic mutation in tumour and in samples with and without
clonal nephrogenesis, alongside the contribution to blood.

(g) Mutation burden of clonal nephrogenesis by sample and mutation type.
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Figure 3. Bilateral and multifocal nephroblastoma.

For each tumour the phylogeny of shared mutations is shown including de novo mutations,
embryonic mutations, clonal nephrogenesis, and tumour trunk (where available). Numbers
refer to the number of substitutions defining each developmental segment. Driver mutation
in tumour trunk are detailed. Driver mutations present in individual tumours, rather than the
trunk, are not shown here. Heatmaps (b and d) show the contribution of a mutation to the
sample in question (as per legend). (e) The left tumour is more closely related to the right
branch of clonal nephrogenesis than to the right in PD36159. (f) Phylogenetic tree of tumours
and rest in PD40738. Note that the right tumour and rest do not come from the nephrogenic
clone that spawned the left tumour. (g and h) The emergence of tumours at different time
points from clonal nephrogenesis in PD40641. (i) Tumour and nephrogenic rest in PD36165
both originated from clonal nephrogenesis despite being situated at opposing kidney poles

(i)-
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