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Abstract

Prolonged exposure to ultraviolet (UV) light leads to DNA damage, causing mutation
accumulation and cancer, particularly in the skin. Recent studies revealed that patients with
aneuploid subtypes of pediatric B-cell precursor acute lymphoblastic leukemia (BCP-ALL)
commonly present with single base substitution signature 7a (SBS7a), a hallmark of UV-
based DNA damage, but its origin is unclear. We screened a cohort of 191 whole genome
sequenced BCP-ALL cases and confirmed the presence of SBS7a in high hyperdiploid,
iAMP21 and low hypodiploid subtypes. Screening of an in-house pediatric pan-cancer cohort
(n=1033) detected SBS7a, apart from BCP-ALL, only in tumors with proven cutaneous
localization. Subsequent characterization of 43 BCP-ALL samples from 27 SBS7a-positive
patients revealed no causative DNA repair defects. Furthermore, the mutational
characteristics in SBS7a-positive BCP-ALL were very similar to those encountered in SBS7a-
positive adult skin cancers (n=273) and pediatric cutaneous anaplastic large cell lymphomas
(n=7), suggesting a shared UV-induced etiology. Subtle differences in aneuploid patterns
were observed between SBS7a-positive and SBS7a-negative high hyperdiploid and iAMP21
cases. In several cases, we detected SBS7a-positive subclones at primary diagnosis, or
relapses with apparently newly acquired SBS7a-associated mutations, together suggesting
prolonged UV damage during expansion. Single-cell whole genome sequencing in two other
cases confirmed some level of SBS7a-induced clonal diversity, but no indications for ongoing
SBS7a-associated mutagenesis during bone marrow progression. Our data suggest that
SBS7a-associated mutations occur in a subset of aneuploid BCP-ALL subtypes due to UV-
induced damage during early expansion in extramedullary sites before bone marrow
expansion.



Introduction

Acute lymphoblastic leukemia is the most common type of childhood cancer, with an
estimated one in every 1500 newborns developing acute lymphoblastic leukemia before
their 18th birthday.! Roughly 85% is of B-cell precursor origin. Recently, multiple studies
have investigated the mutational processes which play a role during B-cell precursor acute
lymphoblastic leukemia (BCP-ALL) development. Surprisingly, single base substitution
signature 7a (SBS7a), which had previously been identified in skin-localized cancers and
associated with damage by ultraviolet (UV) light,> was detected in specific BCP-ALL
subtypes associated with aneuploidies.®=®

BCP-ALL has a very low mutational load,* but a small subset of patients is affected by
mutational processes, evidenced by mutational signatures like SBS7a, that can increase the
mutational load over tenfold.?® Currently, the presence of SBS7a has been reported in three
BCP-ALL subtypes: 15% of high hyperdiploid, 30% of near haploid and 50% of iAMP21
cases.® 10 These subtypes share the amplification or retention of chromosome 21, while the
majority of other subtypes are defined by genomic rearrangements, like gene fusions.! Yet,
it is not understood why SBS7a in BCP-ALL only occurs in these specific subtypes.

SBS7a has been strongly associated with UV light as it is prevalent in sun-exposed skin
cancers and can be induced in cell lines by exposure to UV light.3*2 UVB light can induce the
formation of pyrimidine dimers, which can lead to cytosine-to-thymine (C>T) mutations,
resulting in SBS7a or, in the case of two adjacent cytosine-to-thymine mutations (CC>TT),
double base substitution signature 1 (DBS1).%!3 This DNA damage from UV light has clear
characteristics, such as a bias towards untranscribed regions due to transcription-coupled
nucleotide excision repair (TC-NER).'* In addition to various skin cancers, UV light induced
DNA damage has also been reported in cutaneous T-cell lymphoma, while absent in non-
cutaneous T-cell ymphoma.®®

BCP-ALL is a disease primarily occurring in the bone marrow and blood. Although UV light
has been shown to cause SBS7a in vitro,? UV light cannot penetrate through the dermis and
is therefore unlikely to reach the bone marrow.1® Yet, BCP-ALL cells and healthy memory T-
cells can present with SBS7a.>7 As such, it is still unknown if SBS7a in BCP-ALL truly results
from UV light or from a different mutational process that mimics UV light-induced DNA
damage. Whether there are underlying DNA repair defects or specific expression patterns
underlying the subtype-specific presence of SBS7a in BCP-ALL is also unclear, though
patients of European ancestry appear to be more susceptible.® Another open question is
where, when and how long BCP-ALL cells get exposed to the mutagenic mechanism that
causes SBS7a. In this study, we thoroughly characterized the mutational characteristics in
SBS7a-positive BCP-ALL from 27 patients in comparison to 273 cancers with confirmed UV
exposure. In addition, we performed subtype-specific comparisons in expression profiles
and aneuploidy patterns between SBS7a-positive and SBS7a-negative cases and investigated
the timing and clonal diversity during SBS7a acquisition.



Methods

Cohort selection

We selected SBS7a-positive pediatric BCP-ALL cases from a retrospective whole genome
sequenced cohort of multiply relapsed ALL patients,!® a retrospective whole exome
sequenced cohort of relapsed ALL patients, a retrospective whole exome sequenced cohort
of high hyperdiploid ALL, iAMP21 ALL and Down syndrome ALL patients and an in-house
prospective whole genome sequenced effort of newly diagnosed ALL patients (Table S1).
Patients selected from whole exome sequenced cohorts were subsequently whole genome
sequenced for validation of SBS7a and inclusion in the study. Whole genome sequencing
was performed at Novogene, Hartwig Medical Foundation or Princess Maxima Center for
Pediatric Oncology using lllumina Novaseq 6000 (lllumina, 20012850) to generate 150 base-
pair paired-end reads (Table S1). Samples and data were obtained from the biobank of the
Dutch Childhood Oncology Group and the Princess Maxima Center. In accordance with the
Declaration of Helsinki, informed written consent was obtained from all patients and/or
their legal guardians before enrolment in the study and the Princess Maxima Center
institutional review board approved the use of excess diagnostic material and data for this
study (PMCLAB2019.054, PMCLAB2020.160 & PMCLAB2021.279).

Mutational signature analysis

Mutational matrices were generated using MutationalPatterns v3.4.1.%° For SBSs, de novo
signature extraction was performed using NMF v0.262° with a rank of 6 (BCP-ALL) or 8 (pan-
cancer). MutationalPatterns v3.4.1 was used to refit the extracted signatures with COSMIC
signatures, and the 7 (BCP-ALL) or 11 (pan-cancer) resulting signatures were used to
perform a refit of the mutational matrix (Table S2 & S3). For samples with a positive
contribution for SBS7a, a bootstrap with 100 iterations was performed with
MutationalPatterns v3.4.1.1° Samples were marked as SBS7a-positive if they i) showed a
positive contribution of SBS73a, ii) could be reconstructed with a cosine similarity of at least
0.9, and iii) had a positive SBS7a contribution in at least 90% of bootstraps.

Single-cell WGS

Cells were stained using APC-CD10 (biolegend, 312209) and DAPI to select living CD10+
lymphoblasts, and sorted for sequencing according to Derks et al?. Primary template-
directed DNA amplification was performed using the ResolveDNA® Whole Genome
Amplification Kit — 96 Reactions (BioSkryb 100136).2! Mesenchymal stromal cells (MSCs)
were cultured in bulk, and DNA from these cells was extracted with the QlJAamp DNA Micro
Kit and used as germline control. Libraries were prepared using TruSeq Nano kit (Illumina,
20015965), and sequenced with the Novaseq 6000 (Illumina, 20012850) for 2 x 150 bp
paired-end reads.

Additional method description is given in the supplementary data.

Results
BCP-ALL cases with SBS7a



To study SBS7a in BCP-ALL we collected SBS7a-positive BCP-ALL samples from 27 patients
treated at the Princess Maxima Center for Pediatric Oncology (Figure 1A). Seventeen of
these were identified by mutational signature analysis on an unselected cohort of 191 BCP-
ALL samples diagnosed between 2019 and 2023, revealing a prevalence of 9% and a relative
contribution of SBS7a to the mutational spectrum from 10 to 100% (median 36%). In line
with previous studies,®1° SBS7a was enriched in three specific subtypes, specifically 50% of
the iIAMP21 cases (4 out of 8), 20% of the low hypodiploid cases (1 out of 5) and 16% of the
high hyperdiploid cases (12 out of 74) presented with SBS7a (Figure 1B). These subtypes
typically present with copy number alterations of chromosome 21. The remaining ten
samples were from multiple retrospective BCP-ALL cohorts (Table S1).1%22 In total, we
included 16 high hyperdiploid, nine iAMP21, one low hypodiploid and one B-other case
(Figure 1A). SBS7a was usually detected at initial diagnosis, but in two cases the first
appearance of SBS7a was in a relapse sample. We did not find significant differences in age
at initial diagnosis between SBS7a-negative and SBS7a-positive cases for any of the BPC-ALL
subtypes (P=0.35), indicating that the increased tumor mutational load is not aging related
(Figure 1C).

SBS7a in other pediatric cancers

Next, we investigated the prevalence of SBS7a-associated mutations in other pediatric
cancers than BCP-ALL. To this end, we analyzed a pediatric pan-cancer cohort of 1033 whole
genome sequenced tumors from the Princess Maxima Center for Pediatric Oncology (Table
1). Except for one melanoma, all SBS7a-positive malignancies were of hematological origin
(Table 1) which, apart from BCP-ALL, included one B-cell lymphoblastic lymphoma (iAMP21
subtype) and seven anaplastic large cell ymphomas (ALCL) (Table 1). The melanoma and B-
cell lymphoblastic lymphoma had a cutaneous localization. The ALCL cases often presented
with multiple lesions, of which some were cutaneous (Table S4). One BCP-ALL relapse, which
presented with SBS7a, was found to be located in the patient's eye. Therefore, whereas in
the majority of SBS7a-positive BCP-ALLs an association with UV exposure is unclear, other
pediatric cancers with SBS7a-associated DNA damage were exclusively found in sun-exposed
lesions.

Characteristics of UV damage in BCP-ALL subtypes

UV exposure introduces pyrimidine dimers that can result in cytosine-to-thymine mutations,
which, apart from the single base substitution signature SBS7a, includes an enrichment of
CC>TT double base substitutions (signature DBS1). Furthermore, as observed in sun-exposed
tissues, SBS7a and DBS1 present with transcriptional strand asymmetry.*'* We therefore
performed a comprehensive comparison of mutational characteristics in SBS7a-positive
BCP-ALLs with those in skin cancer, where UV as the source of SBS7a is well established
(Supplementary methods).2 We used a previously characterized cohort of adult metastatic
skin cancer,?® and included the seven pediatric ALCL cases from our cohort in this analysis.
Although SBS7a-positive skin cancers showed a 27.4-fold higher mutational load than SBS7a-
positive BCP-ALL (P=2.2x10%°), mutational load in these BCP-ALLs was still 2.6-fold higher
than SBS7a-negative BCP-ALL and like SBS7a-positive ALCL (Figure 2A, P=2.1x108). Similarly,
the load of DBS1 (CC>TT mutations) was significantly higher in skin cancer (P=2.7x10%), but
the ratio of CC>TT compared to single C>T mutations was similar in all SBS7a-positive
tumors (Figure 2B). Additionally, the well-established bias for the untranscribed strand in
skin cancer, caused by TC-NER#, was also present in SBS7a-positive BCP-ALL and ALCL, but



not in SBS7a-negative BCP-ALL (Figure 2C, P=2.4x10®). The stronger transcriptional strand
bias in the skin cancer samples (P=2.6x10°) likely resulted from the far greater proportion
of SBS7a-associated mutations relative to mutations associated with other mutational
signatures in the C>T spectrum without transcriptional strand bias, like SBS1. Overall, the
characteristics of SBS7a in BCP-ALL are indistinguishable from SBS7a in cancers with
established UV-induced mutations, with the only notable difference being the number of
SBS7a-associated mutations. These findings confirm that mutagenesis in SBS7a-positive
BCP-ALL takes place through the formation of pyrimidine dimers, the established direct
consequence of UV damage. This is in line with a previous study that reported that SBS7a is
more common in BCP-ALL patients of European ancestry compared to those of African
ancestry.®

No recurrent nucleotide excision repair pathway mutations in SBS7a-positive BCP-ALL
The main DNA repair pathway for UV light-induced DNA damage is nucleotide excision
repair (NER), and defects in this pathway can exacerbate the acquisition of mutations after
UV light exposure.>?42> Therefore, we investigated if SBS7a-positive BCP-ALL samples
harbored NER pathway mutations that could lead to a higher sensitivity to UV-associated
DNA damage. To this end, we investigated all genes attributed to the NER pathway in the
Kyoto Encyclopedia of Genes and Genomes (Table S5, Supplementary methods), using our
genomic and transcriptomic data.?® We did not detect any pathogenic NER pathway
mutations or aberrant expression of NER pathway genes in SBS7a-positive BCP-ALL (Figure
S1, Table S6). This is in line with the presence of transcriptional strand bias, which indicates
active TC-NER. Therefore, NER pathway defects are not responsible for the acquisition of
SBS7a in BCP-ALL.

The presence of SBS7a is not associated with transcriptional changes

We then investigated if the presence of SBS7a could be explained by, or result in, expression
of other specific genes or pathways. Therefore, we performed differential expression
analysis of SBS7a-positive and SBS7a-negative samples in the high hyperdiploid and iAMP21
subgroups separately. For validation, we used a cohort of 118 high hyperdiploid and 27
iIAMP21 cases from the St. Jude Children’s Research Hospital,?” in which the SBS7a mutation
contribution was determined (Methods). Whereas differentially expressed genes were
identified in each of the datasets, none of these genes were recurrently found in all datasets
(Figure S2). Two upregulated genes overlapped between the iAMP21 cohorts, but these
genes were not differentially expressed in the high hyperdiploid samples.

When comparing iAMP21 and high hyperdiploid BCP-ALL to ETV6::RUNX1 BCP-ALL, we
found no overlapping gene sets which could explain the presence of SBS7a (Figure S3).
However, when genes commonly upregulated across aneuploid subtypes were selected, an
enrichment of several GO terms involved in migration was found (Figure S4, Table S7).
Although speculative, this enrichment may underlie a stronger potential of aneuploid BCP-
ALL subtypes to migrate to extramedullary sites, providing an explanation for the subtype-
specific presentation of SBS7a.

Aneuploidy patterns in SBS7a-positive ALL

The restricted presence of SBS7a in aneuploid BCP-ALL subtypes suggests that specific copy
number aberrations may be involved in a temporal skin localization or in higher
susceptibility to UV light. Therefore, we investigated these aneuploidy patterns in more



detail. We were able to confirm earlier studies demonstrating that SBS7a-associated
mutations in high hyperdiploid and iAMP21 BCP-ALL were generally not duplicated on
amplified chromosomes, and thus occurred after the subtype-defining ploidy alterations
(Figure S5, Supplementary methods).>*0

The high hyperdiploid subtype can present with different combinations of amplified
chromosomes. Besides the obligatory amplification of chromosome 21, chromosomes 4, 6,
10, 14, 17, 18 and X are often amplified, while amplification of other chromosomes is much
less common.?8 For a comparison of the aneuploidy patterns between SBS7a-positive and
SBS7a-negative high hyperdiploid BCP-ALL samples, we expanded our dataset with a cohort
of high hyperdiploid patients from the St. Jude Children’s Research Hospital?’ to a cohort of
219 cases of which 40 were SBS7a-positive (Figure 3A). Clustering analysis did not reveal a
globally different pattern between the two groups, but chromosome-specific analyses
showed that amplification of chromosome 4 and 17 was slightly less common in SBS7a-
positive patients in both cohorts (Figure 3A, Table S8, Supplementary methods). This
difference was not due to a general difference in the number of whole chromosome gains
(Table S9). Since chromosomal amplification patterns in high hyperdiploid BCP-ALL involving
chromosomes 5, 17, 18, and 20 were previously shown to impact prognosis,?® we tested
whether an association could be found between these risk groups and the presence of
SBS7a, but such an association was not found (Figure 3B, P=0.60). We also analyzed other
known recurrent alterations in high hyperdiploid BCP-ALL, specifically 1q gain, 6q deletion,
isochromosome 7q and isochromosome 174,28 and found no association with SBS7a (Table
S8). As the copy number of chromosome 21 in high hyperdiploid BCP-ALL can vary between
three and five copies,*® we analyzed the amount of additional copies of chromosome 21 in
SBS7a-positive and SBS7a-negative patients and found no significant difference (Figure 3C,
P=0.31). Finally, we compared the chromosome 21 amplification patterns between SBS7a-
negative and SBS7a-positive iAMP21 cases, again using an extended cohort,?” which
revealed two regions that seemed to differ in average copy number between SBS7a-
negative and SBS7a-positive patients (Figure 3D). The second region, at the end of the g-
arm, was more amplified in SBS7a-negative cases (P=0.01), although this did not result in
differential expression of genes (Figure S2). Altogether, SBS7a in high hyperdiploid and
iAMP21 BCP-ALL appears to be associated with very subtle differences in commonly
amplified regions.

SBS7a-associated mutations in minor subclones

Whereas the likelihood that a (pre)leukemic cell is exposed to UV appears to be subtype
dependent, the mutagenic consequences may also depend on the duration of UV exposure.
Furthermore, expansion of a preleukemic clone during UV exposure may even result in
clonal heterogeneity and relapse. To obtain more insight into this process, we investigated
whether these mutations accumulate during clonal evolution of BCP-ALL, resulting in
subclones with newly acquired SBS7a mutations, or whether they would be found only in
the major clone. We selected six patients from our cohort that showed a bimodal split in
allele frequency (AF) distribution, indicating the presence of a major clone and one or more
subclones, each harboring at least 200 mutations (Figure S6). In three patients, SBS7a
contribution was high in the major clone, but the minor clone(s) carried no additional SBS7a
mutations (Figures 4A and S7). In contrast, the other three cases showed high levels of
subclonal SBS7a-associated mutations, suggesting a prolonged UV exposure (Figures 4B and



S7). These findings suggest that UV-associated mutagenesis is not restricted to a single
leukemia-initiating cell but contributes to clonal heterogeneity in at least a subset of cases.

New appearance of UV-induced mutations in BCP-ALL relapses

In line with the above observation, we noticed that seven out of ten relapsed BCP-ALL cases
presented with additional SBS7a-associated mutations at time of relapse (Figure 1A). To
determine whether these mutations could be traced back at initial diagnosis, we selected
three cases for in-depth analysis. Each case presented with SBS7a at initial diagnosis and
acquired new SBS7a mutations at first relapse (Figure 5, Supplementary methods). We then
selected relapse-specific mutations with high likelihood of being caused by SBS7a, and
performed amplicon-based deep sequencing on the initial diagnosis (median depth ~20,000)
and first relapse (median depth ~6,000) samples of the three cases. In all three cases,
mutations were only detected in the relapse samples. At initial diagnosis, the AF of all
mutations was indistinguishable from the negative control samples (Figure 5, P=0.84,
P=0.42, P=0.63). These results show that SBS7a mutations found in relapse samples either
originated from a subclone at initial diagnosis that was undetectable in the sample due to
clone size or location in the bone marrow, or were truly newly acquired.

Relapse-specific mutations can arise because they are positively selected for, for example by
conferring drug resistance.®’” We found that two mutations in NR3C1 and three mutations in
CREBBP have a high probability of being caused by SBS7a (Figure S8). Since both genes are
implicated in glucocorticoid resistance, SBS7a might have played a role in disease
progression.’

SBS7a stops accumulating in the final stage of disease progression

Considering the observation that UV-associated damage proceeds in a prolonged period of
time, we finally addressed the question whether SBS7a-associated mutations encountered
in BCP-ALL represent a past mutational event or a process that is still ongoing during
expansion in the bone marrow. Therefore, we performed single-cell WGS on the initial
diagnosis samples of two patients with high hyperdiploid BCP-ALL (P0624 and P0625). For
each of these samples, thirteen single cells were sorted, and primary template-directed
amplification followed by whole genome sequencing was performed. The single-cell data
corresponded well with the bulk WGS data, as for each of these samples, 92% and 91% of
the mutations identified in the bulk WGS data were also identified in the single-cell WGS
data. We then built a lineage tree to infer clonal evolution and identify subclonal
populations. Both lineage trees showed a trunk that contained the mutations we previously
detected in the bulk WGS data. For both patients the trunk of the tree, containing mutations
identified in all cells, showed a large contribution of SBS7a. In P0625 (Figure 6), two cells
individually branch off during early leukemic development. We attribute these branches to
lower data quality for these two cells (Figure S9), which suggest that branches X, F, and G
actually all belong to the main trunk. However, branch P, which contained mutations shared
by four cells, was of good quality. The mutations shared in this branch had a reduced AF in
the tumor bulk (P<2.2x10%), which indicates that the four cells originating from branch P
are part of an SBS7a-positive subclone (Figure 6). In contrast, none of the unique mutations
in each of these cells (mean 219, range 175-284) showed SBS7a contribution. In P0624
(Figure S10), we identified two subclonal branches with sufficient quality, branch U and



branch W, that do not contain SBS7a (Figures S9 and S10). Furthermore, similar to P0625,
the private branches for all cells in patient P0624 contain only unique mutations (mean 260,
range 190-298) which are not associated with SBS7a (Figure S10). Since these mutations
represent the latest stages of leukemic development, these data suggest that SBS7a is not
acquired during progression in the bone marrow.

Discussion

The presence of SBS7a, a well characterized mutational signature linked to UV light-induced
DNA damage, was recently reported in aneuploid subtypes of BCP-ALL3! and then confirmed
by several studies.®®? In this study we identified UV light as the most likely source for SBS7a
mutations in BCP-ALL. Additionally, we provide indications that SBS7a-positive BCP-ALL
subtypes are exposed to UV light for a prolonged period during early clonal expansion,
resulting in subclonal diversity. These results suggest that preleukemic B lymphoblasts with
aneuploid karyotypes tend to migrate to and reside in sun-exposed tissues, where they may
accumulate UV-induced mutations while undergoing clonal expansion.

A role for UV light in mutation accumulation in BCP-ALL is unexpected in a disease that
predominantly develops in the bone marrow. Apart from BCP-ALL, SBS7a has been found in
skin cancer, T-cell ymphomas and, as we show in this study, pediatric ALCL,*'%%> where UV
exposure as a source of these mutations is plausible. Furthermore, we identified one case in
which SBS7a-associated mutations appeared only at relapse in the eye. Consistent with
established UV-induced malignancies,?*32 BCP-ALL presents with pyrimidine dimer
formation, followed by mutation incorporation through translesion synthesis.?*32 So far, the
formation of pyrimidine dimers has only been described as a consequence of UV exposure,?*
with no other known inducers of pyrimidine dimers.3 Although there are chemicals that can
induce the formation of DNA adducts, such as psoralen and alkylating agents, these are
known to induce different mutational signatures.>33 As for endogenous processes, reactive
oxygen species can also cause DNA adducts, but result in another mutational signature.?
These findings are all in line with the previously observed trend that SBS7a occurs more
frequently in BCP-ALL patients of European ancestry than patients of African ancestry,
further suggesting that there is an association with sensitivity to UV light.23-37 Therefore, UV
exposure remains the most likely explanation for SBS7a in BCP-ALL.

The most likely scenario by which BCP-ALL can be exposed to UV light is localization in the
skin prior to or during (early stages of) leukemia development. Skin lesions in BCP-ALL are
rare,>*38 but may remain small or temporary, and thus underreported. Hematopoietic stem
and progenitor cells (HSPCs) can circulate in the peripheral blood, home to sites of injury,
including the skin, and return to the bone marrow.3°*! Additionally, a release of large
numbers of HSPCs from the bone marrow can also be triggered by numerous stress
conditions.?® Perhaps, B lymphoblasts can also migrate to extramedullary sun-exposed
tissues under certain conditions.

Migration of B lymphoblasts to the skin could be triggered by early driver events. SBS7a in

BCP-ALL shows a striking subtype specificity, being mostly restrained to aneuploid BCP-ALL
subtypes with amplification or retention of chromosome 21, and these amplifications

10



always precede the accumulation of SBS7a. However, not all such cases show SBS73a,
suggesting that aneuploidies might infer a risk instead of directly causing SBS7a mutation
accumulation. We found minor differences in copy number profiles, which could affect the
expression of specific genes that influence the likelihood for temporal localization and/or
expansion in sun-exposed areas, resulting in higher chance of SBS7a-accumulation. Since we
found no overall differences in gene expression profiles between SBS7a-positive and -
negative BCP-ALL cases, these cases do not appear to be intrinsically different leukemias and
thus may in general behave similarly. Additionally, we found some indications that subtype-
specific expression might increase the capability of cell migration. This suggests that SBS7a
accumulation is a stochastic process, but has higher likelihood to occur in the presence of
certain primary subtype-specific aberrations.

The increased tumor mutational load in SBS7a-positive BCP-ALL compared to SBS7a-
negative cases and the detection of relapse-specific SBS7a mutations indicate prolonged
exposure to UV light. Additionally, using both bulk and single-cell WGS, we found that SBS7a
mutations can be present in subclones. In later stages of development, however, no new
SBS7a mutations seem to be acquired. These results indicate that SBS7a mutations
accumulate over time during initial stages of clonal expansion, before further progression in
the bone marrow.

Altogether, we propose a model in which (pre)malignant aneuploid BCP-ALL cells
temporarily end up in the skin, where they get exposed to UV light while they expand as a
(premalignant) lesion. The total amount of UV exposure, and the subsequent mutational
consequences, may vary from case to case. Preleukemic cells from such a lesion may return
to the blood stream and home to the bone marrow where they potentially progress to overt
leukemia. Continued release of cells from such a lesion, which may home at different sites in
the bone marrow, could explain the clonal heterogeneity we detected in BCP-ALL. Such a
model would also be consistent with our observation that some relapses present with SBS7a
mutations that were not detected in the sample taken at initial diagnosis, although re-
exposures after initial diagnosis cannot be excluded. So far, research into the motility of ALL
cells has mainly focused on the differences between B- and T-lineage ALL,***3 and it would
be interesting to see future studies explore the motility differences between the various
BCP-ALL subtypes. Based on our model, we expect that aneuploid subtypes of BCP-ALL show
increased motility, leading to the possibility of SBS7a mutation acquisition in sun-exposed
tissues.

A key limitation of our study is that it does not resolve why SBS7a arises almost exclusively
in aneuploid BCP-ALL subtypes. Whether this reflects increased vulnerability of these cells to
UV-induced mutagenesis, or a biological tendency to reside or persist in environments
where UV exposure is possible, remains unknown. Addressing this would require
experimentally demanding approaches, including subtype-specific UV exposure models,
migration or skin-homing assays, and in vivo systems that capture transient or pre-
diagnostic extramedullary phases. Such models are currently limited or not physiologically
representative. Consequently, while our data support UV exposure during early clonal
evolution, the upstream cause of subtype specificity remains unresolved.
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In conclusion, we show that temporal exposure to UV light is the most likely cause of SBS7a
in BCP-ALL. It remains unknown if SBS7a mutations can alter the development of BCP-ALL.
We have found that SBS7a acquisition can introduce pathogenic driver mutations,*® so
SBS7a acquisition might play a role in the onset of BCP-ALL, or even induce therapy
resistance in individual cases. However, this remains very speculative, and further studies on
large cohorts will need to prove if SBS7a mutations can influence the prognosis of patients
with BCP-ALL. Although the clinical relevance of SBS7a in BCP-ALL remains unknown, the
mechanisms of SBS7a mutation accumulation give insight into the origins and development
of BCP-ALL.
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Tables

Table 1: Prevalence of SBS7a-associated mutations in a pediatric pan-cancer cohort

(n=1033)
Tumor type
Hematological Malignancies

Number of samples

389

Number of SBS7a-positive samples ‘

24 (6.2%)

/Anaplastic large cell ymphoma 9 7 (77.8%)
B-cell lymphoblastic lymphoma 3 1(33.3%)
B-cell progenitor acute lymphoblastic leukemia 207 16 (7.7%)
Acute myeloid leukemia 60 0
IT-cell acute lymphoblastic leukemia 35 0
Burkitt lymphoma 22 0
[T-cell lymphoblastic lymphoma 21 0
Diffuse large B-cell lymphoma 11 0
Hodgkin lymphoma 8 0
Chronic myeloid leukemia 7 0
Primary mediastinal large B-cell lymphoma 4 0
Intestinal T-cell lymphoma 1 0
Mature T-cell ymphoma 1 0
Solid Tumors 428 1(0.2%)
Melanoma 4 1(25%)
Neuroblastoma 81 0
Nephroblastoma 71 0
Rhabdomyosarcoma 54 0
Osteosarcoma 48 0
Ewing sarcoma 43 0
Sarcoma other 36 0
Gonadal germ cell 18 0
Hepatoblastoma 16 0
Fibrosarcoma 13 0
Carcinoma other 8 0
Gonadal carcinoma 6 0
Gonadal other 6 0
Histiocytic neoplasm 5 0
Adrenocortical carcinoma 4 0
Nasopharyngeal carcinoma 4 0
IThyroid carcinoma 4 0
Germ cell other 3 0
Hepatic carcinoma 3 0
Renal carcinoma 1 0
Neurological Tumors 216 (1] ‘
Astrocytoma 63 0
Medulloblastoma 39 0
Glioma high-grade 29 0
Ependymoma 26 0
Glioma 16 0
Atypical teratoid rhabdoid tumor 12 0
Brain high-grade 10 0
Astrocytoma high-grade 0
Brain other 9 0
Germ cell brain 3 0
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Figure legends

Figure 1: Mutational signature SBS7a can be detected in multiple subtypes of BCP-ALL. A)
Barplot depicting the total cohort of BCP-ALL patients with SBS7a-associated mutations. A
colored bar was added to the x-axis that displays the subtype of each sample. If a patient
relapsed, multiple bars are shown to indicate each diagnosis in chronological order. B)
Percentage barplot presenting the prevalence of SBS7a in BCP-ALL. The x-axis shows the
included BCP-ALL subtypes, with DUX4 rearranged, MEF2D rearranged, MYC rearranged and
near haploid (all n=1) collected in a “Other subtype” group for visual clarity. C) Boxplot
comparing age at diagnosis for patients with and without SBS7a-associated mutations.
Boxplots are colored to indicate the presence (yellow) or absence of (grey) of SBS7a-
associated mutations. Statistical analysis was performed with two-way ANOVA.

Figure 2: Comparison of SBS7a in pediatric BCP-ALL, pediatric ALCL and adult skin cancer.
A) Boxplot depicting the median mutational load in each tumor type, with the BCP-ALL
samples split in SBS7a-positive and SBS7a-negative samples. B) Scatterplot showing the ratio
between CC>TT mutations (y-axis) and C>T mutations (x-axis) for each tumor type, with the
BCP-ALL samples split in SBS7a-positive and SBS7a-negative samples. C) Boxplot of the
transcriptional strand bias of C>T mutations in each tumor type, with the BCP-ALL samples
split in SBS7a-positive and SBS7a-negative samples. On the y-axis, positive values indicate a
bias for the transcribed strand and negative values indicate a bias for the untranscribed
strand. A-C) Color corresponds to tumor type. SBS7a-negative BCP-ALL is depicted in grey,
SBS7a-positive BCP-ALL is depicted in dark orange, SBS7a-positive ALCL is depicted in orange
and SBS7a-positive skin cancer is depicted in yellow. Statistical analysis was performed with
the Wilcoxon rank sum test. N.S: not significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001.

Figure 3: Copy number alterations in SBS7a-positive patients. A) Plot that depicts the
amplified chromosomes in each high hyperdiploid BCP-ALL patient. Chromosomes are
shown on the x-axis and colored red if amplified. Patients are clustered on the y-axis
depending on their set of amplified chromosomes. The y-axis also shows if patients are
SBS7a-positive (yellow) or SB7a-negative (grey), and if the patient belongs to the Princess
Maxima Center cohort (orange) or St. Jude Children’s Research Hospital cohort (blue).
Additionally, above the plot the percentage of patients with an amplification of each
chromosome is shown, for SBS7a-positive (yellow) and SBS7a-negative (grey) patients. B)
Percentage bar plot showing the percentage of SBS7a-positive and SBS7a-negative high
hyperdiploid BCP-ALL patients that had a good or poor prognosis according to the criteria
established by Enshaei et al, 2021.2° C) Percentage bar plot that indicates the number of
chromosome 21 copies detected in SBS7a-positive and SBS7a-negative patients. D)
Graphical representation of chromosome 21 with a line graph of the mean amplified region
of chromosome 21 in iAMP21 patients. Patients were separated by cohort and presence of
SBS7a. Two regions with higher variability between the four groups are highlighted and
accompanied with a boxplot showing the average copy number in that region for SBS7a-
negative and SBS7a-positive patients. Statistical analysis was performed with the Fisher’s
exact test (A, B), chi-square test (C) or Wilcoxon rank sum test (D). N.S: not significant, *: p <
0.05, **: p <0.01, ***: p < 0.001.
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Figure 4: Subclonal SBS7a mutations. A) In three patients, subclonal mutations that were
distinct from the major clone could be identified but were not associated with SBS7a. B)
Three patients had subclonal mutations which were distinct from the major clone and were
associated with SBS7a. A,B) The first column depicts a violin plot of the AF of SBSs. Lines
were added to indicate the split between mutations belonging to the major clone and
subclonal mutations. The second column shows the mutational profile of the clonal and
subclonal mutations as identified in the first column. The third column shows the absolute
contribution of SBS7a-associated mutations to the clonal and subclonal mutations identified
in the first column. The fourth column shows the relative number of SBS7a-associated
mutations in the clonal and subclonal fraction for all patients belonging to that category. Dx:
initial diagnosis, R: relapse.

Figure 5: SBS7a-associated mutations found in relapse samples cannot be detected at
initial diagnosis. Each row presents data of one patient. The first column shows the number
of mutations acquired at each subsequent diagnosis. The yellow coloring represents the
number of mutations that were attributed to SBS7a. The second column shows the results
of deep sequencing of selected mutations that were very likely introduced by SBS7a and
unique to the relapse sample. The x-axis and the coloring of the dots show if the mutation
was sequenced in control samples (orange), the initial diagnosis sample (blue) or the relapse
sample (green). Each dot represents a unique mutation. The third column depicts fish plots
that represent the evolution of each tumor. Each clone is given a different color and the
percentage of SBS7a-associated mutations in each clone is shown in the legend. Statistical
analysis was performed with the Wilcoxon rank sum test. N.S: not significant, *: p < 0.05, **:
p <0.01, ***: p<0.001.

Figure 6: Lineage tree based on the single-cell WGS data of patient P0625. A) Lineage tree.
The trunk of the lineage tree shows the number of shared mutations between all following
clones. If a clone branches off, it means that it shares no more mutations with other clones.
The number of mutations is depicted above each branch along with a pie chart that shows
the percentage of mutations associated with each mutational signature. SBS7a is shown in
yellow, SBS1 is shown in blue and other mutational signatures are shown in white. To the
right of the lineage tree is a bar plot corresponding to each clone in the lineage tree. This
bar plot shows whether over 75% of the genome is covered with a depth of at least 5 (green
bars). B) Mutational profiles of each group of shared mutations that had a contribution of
SBS7a. C) Boxplot that shows the allele AF for each group of shared mutations that
contained SBS7a-associated mutations. Statistical analysis was performed with the Wilcoxon
rank sum test. N.S: not significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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Supplementary methods

Reference and validation cohorts

We received a pan-cancer pediatric WGS cohort and a BCP-ALL RNAseq cohort from the
Princess Maxima Center biobank (PMCLAB2021.279 & PMCLAB2022.343). RNA and DNA
were isolated automatically using the Allprep DNA/RNA/miRNA Universal Kit (Qiagen,
80224) and the QlAcube Connect (Qiagen, 9002864). Library prep for WGS was performed
automatically using 150 ng DNA, the KAPA HyperPlus Kit (Roche, 07962428001) and the
epMotion 5075 (Eppendorf, 12018865). Library prep for RNAseq was performed manually
using 300 ng RNA and the KAPA RNA HyperPrep kit with RiboErase (Roche, 08098140702).
Subsequent sequencing was performed on Illumina Novaseq 6000 (lllumina) to generate
150 base-pair paired-end reads.

As an additional validation cohort we used RNAseq and WGS data of high hyperdiploid and
iAMP21 BCP-ALL samples from St. Jude Children’s Research Hospital in Memphis,
Philadelphia, which we requested through the St. Jude Cloud.! The relative contributions of
mutational signatures were either used as reported in literature,? or extracted with the same
methods used for in-house data. A small subset of the RNAseq data was generated using
unstranded instead of stranded RNAseq. Calling of overlapping genes is greatly improved in
stranded RNAseq compared to unstranded RNAseq, causing significant bias.? As such we
excluded the two unstranded RNAseq high hyperdiploid BCP-ALL samples and analyzed the
unstranded (n=15) and stranded (n=12) RNAseq iAMP21 BCP-ALL samples separately.

WGS data analysis

Reads generated by WGS were mapped to the GRCh38 human reference genome using the
Burrows-Wheeler Aligner (BWA) v0.7.13.% Picard v2.20.1° was used to mark duplicate reads,
followed by base quality score recalibration using Genome Analysis ToolKit (GATK) v4.0.1.2.°
Somatic mutations were called using Mutect2 from GATK v4.1.1.0 and annotated using
Variant Effect Predictor v105.” R v4.1.2 was used to filter out mutations overlapping with
centromeric regions or with a population frequency above 1% according to either gnomAD
v3.0% or GoNL.° Mutations were kept if they were supported by 5 alternative reads at an
allele frequency of at least 0.15 and a minimum coverage of 20.

Comparison with SBS7a-positive skin cancer

Somatic data for a cohort of adult metastatic skin cancers were received from the Hartwig
Medical Foundation,!® and further filtered with the same methods used for in-house data. To
determine the mutational load, the total number of SBSs was calculated. The number of
CC>TT mutations was determined using MutationalPatterns v3.4.1.1! Transcriptional strand
bias was calculated using MutationalPatterns v3.4.1 and the known genes table from UCSC
for hg38.1%12

RNA expression analysis

Reads generated by RNA sequencing were mapped to GRCh38 (gencode version 31) using
STAR v2.7.2d,'3 after which count matrices were generated with Rsubread v1.6.4.* Further
analysis was performed using DESeq2 v.1.34.0.%° For each dataset, genes without any counts
were removed. For NER pathway analysis, counts were transformed using Variance
Stabilizing Transformation, genes in the NER pathway in the Kyoto Encyclopedia of Genes
and Genomes were selected and the deviation from the average per gene was calculated.
Heatmaps were generated using pheatmap v1.0.12.1° Differential expression analysis was



performed with DESeq2, comparing SBS7a-positive to SBS7a-negative samples and
correcting for sex as a confounder. An adjusted P-value of 0.05 was used as a threshold to
identify differentially expressed genes. Volcano plots were made using EnhancedVolcano
v1.12.0.Y

For subtype comparisons, 10 samples of iAMP21 BCP-ALL and 72 samples of high
hyperdiploid BCP-ALL were separately compared to 58 cases of ETV6::RUNX1-positive or
ETV6::RUNX1-like BCP-ALL. For gene set enrichment analysis, genes were ordered on log2
fold change, and gene set enrichment analysis was performed on GO terms using
clusterProfiler v4.2.2. Differentially expressed genes in both subtypes were identified using
DEseq2 v1.34.0, using a P-value cutoff of 0.05 and a log2 fold change cutoff of 1 for
upregulated and -1 for downregulated genes. Over-representation analysis of GO terms on
the overlapping differentially expressed genes was performed using clusterProfiler v4.2.2.

Copy number analysis

Copy number alterations were called according to the GATK best practices, using GATK
v4.1.7.0 and an in-house panel of normals. To study the timing of SBS7a, we selected
somatic mutations on chromosome 21 with an allele frequency of at least 0.1. As a control,
we called germline mutations on chromosome 21 using HaplotypeCaller and selected
mutations with an allele frequency between 0.25 and 0.75 in the germline and an allele
frequency of at least 0.1 in the tumor. Somatic and germline mutations overlapping with
gained regions were selected with R v4.1.2. Karyotypes for patients with high hyperdiploid
BCP-ALL were determined manually based on the CNA plots. Karyotype plots were
generated using pheatmap v1.0.12%¢ and samples were clustered using hierarchical
clustering with complete linkage and euclidean distance. Prognostic risk group of high
hyperdiploid patients was determined according to criteria identified by Enshaei et al'®. For
patients with iAMP21 BCP-ALL, segment files were used to visualize copy numbers with
karyoploteR v1.20.3.%°

Subclonal mutations

Mutations on amplified chromosomes were filtered out for analysis of subclones. Peaks in
the allele frequency (AF) were identified using LaplacesDemon v16.1.6.2° The minimum
between these peaks was found using base R v4.1.2, and used as threshold between clonal
and subclonal mutations. Tumors with a bimodal distribution and at least 200 subclonal
mutations were selected for further inspection. For two patients, where the allele
frequencies of the clonal and subclonal mutations showed great overlap, manual thresholds
were applied to identify clonal and subclonal mutations.

Analysis of acquired mutations

SBSs were clustered based on their allele frequency dynamics over time,?! and a refit with
the previously identified mutational signatures for BCP-ALL was performed on the clusters.
Based on these clusters, fishplots were generated using fishplot v0.5.1.22

Amplicon sequencing

We selected relapse-specific mutations, based on WGS data, that were likely caused by
SBS7a using R v4.1.2 and the method described by Morganella et al, 2016 and Brady et al,
2019.%24 We then excluded mutations in repeat-rich regions and aimed to include at least
15 mutations per patient, preferably in coding regions. We designed primers for 300-400 bp



fragments using primer3%> and included 15 mutations for P0557, 19 mutations for P0608 and
16 mutations for P0611. Each primer pair was first validated separately and then multiplexed
in sets of three and one set of two, for a total of 17 pools, and validated again. Multiplex PCR
was then performed using Tag polymerase (Roche, 11647679001) with an initial 2 minutes
at 94°C, followed by 35 cycles of 30s at 94°C, 45s at 60°C and 60s at 72°C, then finalized with
7 minutes at 72°C. 150 ng DNA was used for initial diagnosis samples and 50 ng DNA was
used for relapse samples. Successful fragment amplification was confirmed using gel
electrophoresis. Samples were purified using AMPure XPbeads (Beckmann Coulter,
B37419AB), and DNA concentration was measured using the Qubit dsDNA Quantitation High
Sensitivity kit (Thermo Fisher, Q32854) and Qubit™ 4 Fluorometer (Thermo Fisher, Q33238).

[llumina DNA Prep (lllumina, 20015826) and Nextera DNA CD Indexes (24 indexes, 24
samples) (lllumina, 20015881) were used for library prep. PCR amplicons of each sample
were pooled in one library, i.e. the 17 multiplex PCR amplicons generated for the initial
diagnosis of PO557 were pooled in one library. The six resulting libraries were then pooled,
with initial diagnosis samples and relapse samples in a 3:1 ratio. sequencing was performed
on the lllumina iSeq 100 (lllumina, 20021532) with the iSeq 100 i1 Reagent v2 (300-cycle)
(Hlumina, 20031371) for 2 x 150 bp paired-end reads.

BWA v0.7.13 was used to map the resulting reads to the GRCh38 human reference genome.
The number of reads supporting each allele for the selected positions was extracted using
bam-readcount v0.8.2% As all 50 mutations were sequenced in all samples, the samples that
did not carry a mutation could serve as a negative control for the sample that did carry said
mutation.

Mutational driver analysis

Clustered mutations which are either exonic or affect splicing were filtered for a CADD score
of at least 20, and mutations were selected based on a list of known ALL driver genes.?!
Using the relative contributions per cluster, the probability of each mutation being caused by
SBS7a was calculated based on the mutation type.>2%23 Mutations are shown which have a
trinucleotide context which is also present in SBS7a and have a predicted probability to be
caused by SBS7a of at least 50%.

Single-cell WGS data analysis

Reads were aligned to the GRCh38 human reference genome using BWA-MEM v2.2.1,%” and
duplicates were marked using GATK v4.4.0.0.6 Mutations were called using GATK’s
HaplotypeCaller v4.4.0.0 and filtered using PTATO v1.3.3.28 Mutations that, in one or more
cells, had not been flagged as artifact by PTATO, had at least 5 supporting reads, had an
allele frequency of at least 0.25 and had a mapping quality of at least 59, were used as
positions for variant calling in all cells, the MSCs and the tumor bulk sample to ensure a
minimal retention of artifacts. Variant calling was performed using Haplotypecaller and
GenotypeGVCFs from GATK 4.2.0.0,° and SBSs were selected using bcftools v1.17.2° An in-
house blacklist of PTA artifacts, defined by a presence in multiple unrelated patients, was
used to further filter the mutations. Lineage trees were constructed from the resulting
mutations using CellPhyWrapper and visualized using CellPhyWrapperPlotting.3%3! A refit
using the previously identified signatures for BCP-ALL and the known PTA artifact signature
was performed to obtain signature contributions for each branch that contained at least 100
mutations.
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Supplementary figure S1. Genes in the NER pathway show no differential expression
between SBS7a-positive and SBS7a-negative BCP-ALL. Whereas the NER pathway is
upregulated in high hyperdiploid BCP-ALL in the cohort from the Princess Maxima Center
(A), this is not seen in the high hyperdiploid BCP-ALL dataset from St. Jude (B), or in iAMP21



BCP-ALL, as seen in the cohort from the Princess Maxima Center (C) and the stranded (D)
and unstranded (E) cohort from St. Jude. A-E) Heatmaps of differentially expressed genes
between SBS7a-positive and SBS7a-negative samples in different cohorts. Bars above the
plot show sex and whether a sample is SBS7a-positive (red) or SBS7a-negative (green). All
genes from the NER pathway according to the Kyoto Encyclopedia of Genes and Genomes
(Table S5) with expression in at least one sample are shown on the y-axis, sample names are
shown on the x-axis.
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Supplementary figure S2. Differential expression analysis for samples with and without
SBS7a. A-B) Volcano plots of differentially expressed genes in hyperdiploid samples with
SBS7a compared to samples without SBS7a. The y-axis represents the -log10 adjusted P-
value and the x-axis represents the log2 fold change. Each gene is plotted as a circle and
highlighted in green if there is a significant log2 fold change, highlighted in blue if there is a
significant adjusted P-value and highlighted in red if there is both a significant log2 fold
change and a significant adjusted P-value. A) Volcano plot of differential expression analysis
between SBS7a-positive and SBS7a-negative high hyperdiploid BCP-ALL samples collected at
the Princess Maxima center for Pediatric Oncology. B) Volcano plot of differential expression
analysis between SBS7a-positive and SBS7a-negative high hyperdiploid BCP-ALL of the
validation cohort collected by St. Jude children’s hospital. C) Venn diagram showing the
overlap in differentially expressed genes detected in our high hyperdiploid BCP-ALL samples
and the St. Jude children’s hospital hyperdiploid BCP-ALL samples. D) Volcano plot of
differential expression analysis between SBS7a-positive and SBS7a-negative iAMP21 BCP-ALL
collected at the Princess Maxima center for Pediatric Oncology. E) Volcano plot of differential
expression analysis between SBS7a-positive and SBS7a-negative iAMP21 BCP-ALL samples of
the validation cohort collected by St. Jude children’s hospital on which stranded RNAseq was
performed. F) Volcano plot of differential expression analysis between SBS7a-positive and
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SBS7a-negative iAMP21 BCP-ALL samples of the validation cohort collected by St. Jude
children’s hospital on which unstranded RNAseq was performed. G) Venn diagram showing
the overlap in differentially expressed genes detected in our iAMP21 BCP-ALL samples, the
St. Jude children’s hospital iIAMP21 BCP-ALL samples with stranded RNAseq data and the St.
Jude children’s hospital iIAMP21 BCP-ALL samples with unstranded RNAseq data. The two
upregulated genes detected in both iAMP21 cohorts are TMEM40 and ZSCAN23, which
encode a transmembrane protein and a transcription factor, respectively.
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Supplementary figure S4. Over-representation analysis of genes which are differentially
expressed in both iAMP21 and high hyperdiploid BCP-ALL compared to ETV6::RUNX1 BCP-
ALL. Dotplots of the top-50 enriched GO terms in upregulated (A) and downregulated (B)
genes in aneuploid (IAMP21 and high hyperdiploid) BCP-ALL compared to ETV6::RUNX1 BCP-
ALL are shown. GO terms associated with migration are indicated with red arrows and are all

enriched in upregulated genes.
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Supplementary figure S5. Somatic SBS7a-associated mutations are accumulated after
chromosome 21 amplification in high hyperdiploid and iAMP21 BCP-ALL. Violin plots
depicting the allele frequency of germline and somatic single base substitutions on
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chromosome 21 in high hyperdiploid (n=16) and iAMP21 BCP-ALL (n=9). In high hyperdiploid

BCP-ALL, chromosome 21 typically has 4 copies, and germline SNVs of chromosome 21

therefore retain their allele frequency of 0.5. Somatic chromosome 21 mutations, however,

present with an allele frequency of approximately 0.25, suggesting that they accumulated

after amplification. Chromosome 21 in iAMP21 BCP-ALL has more complex CNAs, resulting in

germline SNVs of chromosome 21 having either a high (~0.85) or a low (~0.15) allele

frequency. Somatic mutations typically present with a low allele frequency, again confirming

that they accumulated after the primary driver event.
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Supplementary figure S6. The allele frequency of ten out of 25 SBS7a-positive tumors
shows a bimodal distribution, of which six present with at least 200 subclonal mutations.
Violin plots of the allele frequency of all somatic single base substitutions in the initial
diagnosis sample of 25 SBS7a-positive BCP-ALL. Horizontal lines show the split between
subclone and major clone. Tumors PO557Dx, P0628Dx, P0621Dx, P0633Dx, P0629Dx and
P0429Dx show a bimodal distribution with a subclone containing at least 200 mutations, and
were therefore included in further analyses (red box). Four other tumors show a bimodal
distribution with a subclone of less than 200 mutations, and one tumor (P0626Dx) shows a
trimodal distribution. The remaining 14 tumors show a unimodal distribution. P0O632 and
P0612 were excluded due to insufficient tumor purity.
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Supplementary figure S7. Sample P0429Dx and P0633Dx contain subclonal mutations
without SBS7a, whereas samples P0557Dx and P0628Dx contain subclonal SBS7a-
associated mutations. The first column depicts a violin plot of the allele frequency of
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somatic single base substitutions. Lines were added to indicate the split between mutations
belonging to the major clone and subclonal mutations. The second column shows the
mutational profile of the clonal and subclonal mutations as identified in the first column. The

third column shows the relative contribution of SBS7a-associated mutations to the clonal

and subclonal mutations identified in the first column.
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Supplementary figure S8. 10 mutations in driver genes have a high probability of being
caused by SBS7a. COSMIC signature SBS7a is shown on top, with on the bottom potentially
pathogenic mutations in known BCP-ALL driver or relapse-associated genes. Bar plots on the
right show the probability of being caused by SBS7a (yellow) or SBS87 (purple) as calculated
by a posteriori probability analysis.
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Supplementary figure S9. Branch-specific quality metrics for single-cell WGS data. Quality
metrics for the branches of the lineage trees depicted in supplementary figure S10 (P0624,
left column) and figure 6 (P0625, right column). The letter corresponding to each branch is
displayed on the x-axis. The first row shows the median depth in each branch. The second
row shows the minimal median depth in each branch. The third row shows the standard
deviation of median depth in each branch.
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Supplementary figure S10. Lineage tree based on the single cell WGS data of patient
P0624. A) Lineage tree. The trunk of the lineage tree shows the number of shared mutations
between all following clones. If a clone branches off, it means that it shares no more
mutations with other clones. The number of mutations is depicted above each branch along
with a pie chart that shows the percentage of mutations associated with each mutational
signature. SBS7a is shown in yellow, SBS1 is shown in blue and other mutational signatures
are shown in white. To the right of the lineage tree is a bar plot corresponding to each clone
in the lineage tree. This bar plot shows whether over 75% of the genome is covered with a
depth of at least 5 (green bars). B) Mutational profiles of each group of shared mutations
that had a contribution of SBS7a. C) Boxplot that shows the allele frequency for each group
of shared mutations that contained SBS7a-associated mutations.
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