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_ Childhood cancer survivors are confronted with various chronic health conditions like

therapy-related malignancies. However, it is unclear how exposure to chemotherapy
contributes to the mutation burden and clonal composition of healthy tissues early in life. Here, we stud-
ied mutation accumulation in hematopoietic stem and progenitor cells (HSPC) before and after cancer
treatment of 24 children. Of these children, 19 developed therapy-related myeloid neoplasms (t-MN).
Posttreatment HSPCs had an average mutation burden increase comparable to what treatment-naive
cells accumulate during 16 years of life, with excesses up to 80 years. In most children, these additional
mutations were induced by clock-like processes, which are also active during healthy aging. Other patients
harbored mutations that could be directly attributed to treatments like platinum-based drugs and thiopu-
rines. Using phylogenetic inference, we demonstrate that most t-MN in children originate after the start
of treatment and that leukemic clones become dominant during or directly after chemotherapy exposure.

SIGNIFICANCE: Our study shows that chemotherapy increases the mutation burden of normal blood
cells in cancer survivors. Only few drugs damage the DNA directly, whereas in most patients, chemo-
therapy-induced mutations are caused by processes similar to those present during normal aging.

INTRODUCTION

Chemotherapy is the major treatment modality for cancer

Indeed, whole-genome sequencing (WGS) analyses of more
than 3,500 cancer metastases revealed several mutational

and has led to the curative treatment of an increasingly large
number of patients (1). Most chemotherapeutic drugs act by
fatally damaging or blocking DNA replication in malignant
cells (2). However, chemotherapy can also be highly muta-
genic to malignant cells that survive the cytotoxic effects (3).
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signatures, which are a direct consequence of exposure to
specific chemotherapeutic drugs, such as platinum-based
compounds and 5-fluorouracil (5-FU; refs. 4, 5). In addition,
experimental strategies have defined and confirmed muta-
tional signatures induced by chemotherapy in vitro, such as
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temozolomide, platinum-based compounds, cyclophospha-
mide, 5-FU, and 6-mercaptopurine (6-MP; refs. 6-8).

During chemotherapeutic treatment, the toxic effects on nor-
mal tissues are often dose limiting, with the hematopoietic
system being especially vulnerable (9). Besides these acute toxic
effects, cancer survivors are confronted with a variety of chronic
health conditions later in life as a result of chemotherapy, such
as cardiac problems, infertility, and secondary malignancies
(10-12). Childhood cancer survivors especially suffer from these
long-term adverse effects, which collectively resemble acceler-
ated aging (12). Indeed, although the long-term survival rate of
children treated for cancer approaches 80%, their bodies are still
in development during treatment, and survivors can develop
adverse effects even decades after their initial diagnosis (12).
Chemotherapy-induced mutagenesis and clonal expansions in
healthy tissues may be responsible for inducing some of these
long-term adverse effects, in particular secondary malignan-
cies. Thus far, the impact of chemotherapy exposure in normal
blood has been inferred from mutational landscapes of therapy-
related myeloid neoplasms (t-MN; refs. 5, 13) as well as of cases
of clonal hematopoiesis (CH) in exposed patients (14). t-MN
comprises two disease types, namely, therapy-related acute mye-
loid leukemia (t-AML) and therapy-related myelodysplastic syn-
drome (t-MDS; refs. 15, 16). In t-MN genomes, high numbers of
clonal platinum- and thiopurine-induced mutations could be
observed, which indicated that in these cases clonal expansion of
the hematopoietic cell founding the leukemia started after the
initiation of exposure (5). Indeed, cancer therapy preferentially
selects for cells that harbor mutations in DNA damage response
genes, such as TP53, CHEK2, and PPM1D, ultimately resulting in
CH and t-MN (5). In adults, preleukemic CH can often already
be observed at the time of the primary cancer diagnosis and
before exposure to treatment (5, 17). However, a recent report on
three pediatric neuroblastoma patients showed that most muta-
tions present in the CH clone in these children could be linked
to platinum-associated signatures (16). These previous stud-
ies focused on studying mutational landscapes of preleukemic
clonal expansions and/or t-MN. However, the mutational con-
sequences of chemotherapy exposure in normal hematopoietic
stem and progenitor cells (HSPC) and how this relates to muta-
tions observed in t-MN are unknown. In addition, the origin of
t-MN with respect to the timing of chemotherapy exposure in
children seems different from adults yet remains understudied.

Here, we characterized the mutational consequences of
chemotherapy in normal HSPCs of pediatric cancer patients
before and after receiving treatment. We included patients
who developed t-MN to determine how mutagenesis and
clonal evolution in healthy blood contribute to the develop-
ment of secondary malignancies. We found that the mutation
burden of normal HSPCs was increased after chemotherapy.
Remarkably, chemotherapy-associated mutagenesis in most
patients was caused by processes resembling those active dur-
ing healthy aging. Only few compounds, such as platinum-
based drugs and thiopurines, had a direct mutagenic impact.
In contrast to the effect of thiopurines, our data suggest that
the effect of platinum-based drugs is independent of cell divi-
sion. By combining mutational signature analysis and phy-
logenetic inference, we demonstrate that both induction of
driving events and subsequent selection occur during chemo-
therapeutic exposure, which can ultimately lead to t-MN.

RESULTS

Cataloging Somatic Mutations in
Chemotherapy-Exposed HSPCs of Children

To assess the mutational consequences of chemotherapy
exposure in normal tissues, we determined the somatic muta-
tions present in the HSPCs of children before and after receiv-
ing cancer treatment. We focused on the hematopoietic system,
since it is highly sensitive to chemotherapy exposure (9) and
because the lifelong mutation accumulation in healthy HSPCs
has been determined (18-20). In total, we assessed 24 patients,
who underwent treatment for different pediatric cancer types
(Fig. 1A). Of these, 19 patients developed t-MN (Fig. 1B),
of which 18 were t-AML and one was t-MDS (UPN012). A
detailed list of diagnosis, age, and treatment information for
all patients is provided in Supplementary Table S1. The latency
between the start of chemotherapy and t-MN onset among
patients ranged from 1.1 to 10 years (Fig. 1B).

Depending on the available patient material, we performed
WGS on individual HSPCs at the time of the primary diagnosis
(DX1), after complete remission of this first cancer (FU; post-
treatment), and at the time of t-MN diagnosis (DX2; Fig. 1B and
C). In addition, we sequenced the t-MN genomes. Of note, the
t-MN of patient UPNO021 was excluded because of poor sequenc-
ing quality (Methods; Fig. 1A; Supplementary Table S2). We
sorted single HSPCs using flow cytometry (Methods), clonally
expanded these cells i vitro to obtain sufficient DNA for WGS
(Fig. 1C; Supplementary Fig. S1), and cataloged all clonal somatic
mutations per HSPC (Methods; Supplementary Fig. S2A).

In total, we assessed 135 HSPC clones (28 before and 107
after treatment) and identified 46,831 single base substitutions,
2,658 small insertions and deletions (indel), and 346 double-
base substitutions. Most of the t-MN cases were driven by gene
fusions (16 out of 18 cases; Fig. 1D). Of these, 11 patients (69%)
harbored an MLL fusion (KMT2A rearrangement), two patients
(13%) a RUNX1 fusion, and two patients (13%) a MECOM fusion
(Fig. 1D; Supplementary Fig. S2B). Five MLL breakpoints were
present in the 11-bp topoisomerase II inhibitor (TOP2i)-related
hotspot positioned within the MLL breakpoint cluster region,
and all of these patients received TOP2i (refs. 21, 22; Supple-
mentary Fig. S2C). In four patients, the MLL fusion was the sole
t-MN driver. The frequency of MLL fusions in these pediatric
t-MN patients is considerably higher than previously reported
in primary pediatric and infant AML (13% and 38%, respectively;
ref. 23) and in adult t-~AML (23%; ref. 24). Nonetheless, we did
identify genetic similarities between primary pediatric AML
(pPAML) and t-AML, such as a higher prevalence of RAS muta-
tions in MLL-rearranged (MLL") AML (Fig. 1D). Finally, despite
the use of alkylating agents in many of our patients and its
previously described association with monosomy 5(q) and 7(q)
(13, 24), only three t-MNs (17%) presented with this aberration.
The lack of t-MN cases with these monosomies in our cohort is
explainable, as we predominantly assessed t-AML (17 out of 18
cases). Indeed, it is known that monosomy 5 or 7 is more often
associated with a disease that is preceded by t-MDS (15, 25).

Chemotherapy Exposure Increases
the Mutation Burden In Vivo

During healthy life, HSPCs accumulate mutations in a
linear fashion at a rate of 14 to 15 single base substitutions
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Figure 1. HSPCs and t-MN blasts in a chemotherapy-treated patient cohort display an increased mutation load. A, A table depicting the different
treatment categories that patients from each tumor type received. Rows per patient match with time lines in B. ALL, acute lymphoblastic leukemia; BT,
beta-thalassemia; LGG, low-grade glioma; NB, neuroblastoma; NGB, neuroganglioblastoma; OS, osteosarcoma; SCT, stem cell transplantation; T-LBL, T-cell
lymphoblastic lymphoma; TOPi, topoisomerase inhibitor. B, The per-patient time lines of sample collection and the type of material that was sequenced.

C, A schematic overview of the experimental setup of this study. In short, biopsies at the time of the primary cancer, follow-up (after remission), and t-MN
were collected. Blasts were enriched by FACS, mesenchymal stromal cells were expanded in vitro, and both were sequenced in bulk. FACS was also used

to sort single HSPCs into 96-well plates, which were then clonally expanded to obtain sufficient DNA for WGS, after which the mutation catalogs of the
original HSPCs could be obtained. D, The clonal driver events were identified in the t-MN samples. The bar plots on top indicate the number of driver events
identified in each sample. chr., chromosome; CNV, copy-number variation; SNV, single-nucleotide variant. E, The mutation load of single base substitutions
(SBS) per time point per HSPC, normalized to the HSPC baseline consisting of healthy bone marrow (BM) HSPCs. The HSPCs were averaged per patient
per time point. Two-sided Wilcox test, FDR-corrected. Here and in all other figures, the box plots depict the median (center line), 25th and 75th percentiles
(box), and the largest values no more than 1.5 the interquartile range (whiskers). F, similar to E but for indels in HSPCs. G, The mutation load of single base
substitutions of primary and therapy-related AML blasts and the mean value of matched HSPCs from the same time point per patient. Connecting lines
represented matched AML and HSPCs. Two-sided paired t test, FDR-corrected. H, Similar to E but for t-AML blasts. I, Similar to F but for t-AML blasts.
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and about one indel per year (18, 19). We compared the muta-
tion burden of the pre- and posttreatment HSPCs to this
baseline to correct for age-related mutation accumulation
(Fig. 1E and F; Supplementary Fig. S2D). The pretreatment
HSPCs showed a mutation burden that was similar to this
baseline. In contrast, the posttreatment HSPCs showed an
increased number of single base substitutions and indels,
corresponding to mutational ages (26) up to 94 years for sin-
gle base substitutions [mean increase of 16; 95% confidence
interval (CI), 13-19] and 90 years for indels (mean increase
of 16; 95% CI, 12-19; Fig. 1E and F). Furthermore, the t-MN
blasts showed an increased mutation load compared with
the baseline but also compared with matched posttreatment
HSPCs (Fig. 1G). This latter observation indicates that at the
time of t-MN initiation, the leukemic cell of origin suffered
more from mutagenesis than the average exposed HSPC.
Nonetheless, similar to previous reports, the mutation load
in t-AML blasts was only slightly higher than de novo pediatric
AML, and this difference was not significant in our analysis
(P=0.053, Fig. 1H and I; refs. 13, 16, 19). Together, our data
suggest that for pediatric AML to arise, albeit related to
treatment or naive, a minimal mutation burden seems to be
required, which is higher than the average number of somatic
mutations observed within the healthy HSPC population.

Mutational Signatures Induced by
Chemotherapy Exposure

To identify the processes that underlie the increased muta-
tion burden in posttreatment HSPCs and t-MN blasts, we ana-
lyzed mutation spectra and signature contributions (27). As
expected, the mutation spectra of pretreatment HSPCs were
similar to treatment-naive cells and could be predominantly
explained by the HSPC signature (18, 20, 28) and to a lesser
extent Catalogue Of Somatic Mutations In Cancer (COSMIC)
signatures SBS1 and SBSS (ref. 29; Fig. 2A). Indeed, the contri-
bution of these three clock-like signatures increases with age
in healthy HSPCs (18, 19). In the posttreatment HSPCs and
t-MNs, we additionally identified SBS31 and SBS87, which
are caused by platinum-based drugs and thiopurines, respec-
tively (7, 30). SBS31 and DBSS, also caused by platinum-based
drugs (30), were present in all cells of platinum-exposed
patients (N = 3; Fig. 2A and B; Supplementary Fig. S3A
and S3B). In t-MN patients that received thiopurine therapy
(N'=9), all but one t-MN genome harbored SBS87 mutations
(Fig. 2A and C). In contrast to platinum-based exposure,
only some posttreatment HSPCs displayed SBS87, indicating
that thiopurine exposure is not always mutagenic to all cells.
Furthermore, we identified three novel signatures that likely
represent distinct mutational processes, as they could not be
accurately decomposed by three or fewer existing signatures
(Fig. 2A and D; Supplementary Fig. S3C-S3F; ref. 31). Of
these, SBSA was recently shown to be caused by the antiviral
nucleoside analogue ganciclovir (32) and was present in the
previously reported t-MN of patient UPNOO3 after exposure
(Supplementary Fig. S4A and S4B). The other two signatures
(SBSB and SBSC) were observed in all posttreatment sam-
ples of single patients (UPNO15 and UPNO13, respectively).
SBSB was associated with single thymidine deletions at short
T-repeats, whereas SBSC samples harbored large deletions at
locations with microhomology (Supplementary Fig. S5A). The

T>N and C>T changes that contributed to SBSC displayed a
wide sequence context preference for guanine at the —2 posi-
tion of the mutated base (Supplementary Fig. S5B). Although
for patient UPNO15 no treatment data were available, patient
UPNO13 received the alkylating drugs thiotepa and treosulfan
as part of a conditioning treatment for hematopoietic stem
cell transplantation. This patient was treated with multi-
ple hematopoietic stem cell transplantations—which partly
failed—to treat beta-thalassemia (Supplementary Table S1).
Posttreatment HSPCs of this patient displayed an increasing
contribution of SBSC mutations after each consecutive round
of transplantation (Fig. 2A). This suggests a causative role for
the conditioning treatments in inducing SBSC mutations.
Indeed, a pretreatment HSPC of this patient did not harbor
SBSC mutations. We treated cord blood-derived HSPCs with
thiotepa and treosulfan in vitro, after which we performed
WGS on exposed cells, as described previously (33). The result-
ing profiles showed similarities to SBSC but could not fully
explain the signature (Supplementary Fig. S5C and S5D).

Although the mutation burden of most assessed t-MN
cases was higher than the healthy baseline (Fig. 1H), only
half of these cases displayed evidence of direct mutagenesis
by chemotherapeutic compounds. To study the likelihood
that leukemic driver mutations were directly caused by such
compounds, we used a previously established method to
calculate the probability that a certain mutation can be
attributed to a signature (34, 35). This analysis showed
that only seven of 17 identified driving single base substi-
tutions had high probability (>70%) to be attributed to a
treatment-related signature, whereas nine drivers were best
explained by clock-like signatures (Fig. 2E). Therefore, in
contrast to the identified fusion genes, which were likely the
result of TOP2i, additional driver mutations in t-MN could
only partly be explained by direct mutagenic consequences
of chemotherapy treatment.

Direct and Indirect Induction of
Mutations after Chemotherapy

Although we identified chemotherapy-associated signa-
tures in a subset of posttreatment HSPCs and t-MN samples,
most samples showed mutation spectra similar to pretreat-
ment HSPCs, which could be fully explained by clock-like
signatures (cosine similarity 0.97; Supplementary Fig. S6A
and S6B). Given this difference, we defined two categories:
t-HSCPs, which have a spectrum that is >20% explained by
the contribution of a treatment-related signature; n-HSPCs,
which have a normal spectrum that is similar to healthy cells.
Surprisingly, the mutation burden not only in t-HSPCs but
also in n-HSPCs was elevated compared with age-matched
treatment-naive HSPCs (Fig. 3A and B). The mutation load
increase of n-HSPCs at FU and DX2 was 1.47-fold (95% CI,
1.25-1.69) and 1.91-fold (1.34-2.47) compared with the base-
line, respectively. Only the posttreatment HSPCs of patients
UPNO017 and UPNO020 did not display elevated mutation
burdens compared with the healthy baseline (Fig. 2A; Sup-
plementary Fig. S6C). The absence of an increased mutation
burden in the HSPCs of these patients was not explained by
a lack of exposure to chemotherapy, as UPNO17 was treated
for pAML and UPNO020 for acute lymphoblastic leukemia
(ALL). Indeed, the t-MN blasts of UPN020 harbored SBS87
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base substitution profiles of SBSB and SBSC. E, The probability that different driver mutations were caused by treatment-related or clock-like signatures.
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Figure 3. Chemotherapies induce a direct and indirect increase of mutations. A, The mutation load of single base substitutions (SBS) for DX2 HSPCs and
t-MN grouped by signature category if 20% or more mutations can be explained by signature SBS87, SBS31, SBSA, SBSB, or SBSC. B, The baseline-normal-
ized mutation load of the DX1, FU, and DX2 n-HSPCs. C, The average 96-trinucleotide SBS profile of n-HSPCs per time point. “FU - DX1" depicts the average
profile of the FU n-HSPCs with the DX1 n-HSPCs subtracted. “DX2 - DX1"is similar but for DX2 with DX1 subtracted. D, The cosine similarity of each profile
in Cwith a model of the baseline. Each dotted line indicates the age of the baseline at which the correlation of that profile is most similar to the model.

mutations as well as an increased number of indels (Fig. 24A;
Supplementary Fig. S3A). Interestingly, both patients showed
a longer latency time to t-MN development compared with
the rest of the cohort. The posttreatment HSPCs of UPN017
were isolated with the longest latency after the end of treat-
ment (9.3 years vs. 0.2-4.7 years in the rest of the cohort). The
end of treatment for UPN020 was unknown, but the latency
time between primary cancer and t-MN was 5.8 years (Supple-
mentary Table S1). These observations may suggest that years
after treatment, HSPCs with a lower mutation load may pref-
erentially contribute to hematopoiesis, similar to what has
been reported in bronchial cells of ex-smokers (36). Indeed,
the risk for developing t-MN after treatment of a solid tumor
peaks at 2 years after treatment and has been reported to
return to a baseline population risk in 10-15 years (37).

As SBS1 and SBSS are mainly active during fetal hemat-
opoietic development and the HSPC signature postnatally,
the mutation spectrum of healthy HSPCs changes during
the first years of life (18, 19, 29, 38, 39). To estimate if similar
mutations accumulated during treatment as during aging,
we determined the similarity between the mean SBS profile

of the n-HSPCs to the mutation accumulation baseline in
healthy HSPCs (Fig. 3C and D). Compared with the profile
of DX1 HSPCs, the n-HSPC profile at the time of FUI and
DX2 was more similar to the profile of older, healthy HSPCs.
This observation was even more apparent for the profile of
additional mutations in posttreatment HSPCs, showing that
not only the mutation burden but also the mutation spectra
of these HSPCs are similar to those of healthy individuals
of an older age. These analyses suggest that chemotherapy
exposure can lead to an increased mutational age of normal
HSPCs in vivo. Importantly, this indirect mutagenic effect of
chemotherapy exposure may contribute to the accumulation
of t-MN driver mutations (Fig. 2E).

Phylogenetic History of t-MN

To time the mutagenic effect of chemotherapy during t-MN
development, we delineated the phylogenetic history using
somatic mutations that were shared between cells of the same
patient (18, 20, 40). Although most posttreatment HSPCs
did not harbor cancer driver mutations, we identified some
HSPCs with structural rearrangements. Three HSPCs in two
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patients harbored genetic fusion genes that were not shared
by the t-MN (Supplementary Fig. S6D), and, importantly,
in four t-MN cases we identified phenotypically HSPC-like
cells, which shared the MLL rearrangement with the t--MN
blasts (Fig. 4). For patient UPNOOS8, all 12 posttreatment
HSPC clones and the t-MN blasts predominantly harbored
SBS31 mutations (Fig. 4A and B). Indeed, this patient was
initially treated for osteosarcoma, which included platinum-
based drugs (Supplementary Table S1). We identified six MLL"
HSPCs that also shared all the clonal somatic mutations
present in the t-MN (o branch) and additionally harbored 71
to 101 unique mutations each (B branches), of which some
were subclonally present in the bulk t-MN sample (Fig. 4A).
These unique mutations were predominantly attributed to
SBS5 and SBS1, with low similarity to SBS31 (Fig. 4B). This
indicated that they were acquired after cisplatin exposure and
thus that the t-MN expanded after cisplatin treatment. Based
on the mutation data, these MLL" “HSPCs” were part of the
leukemic blast population despite their HSPC-like phenotype
and lack of CD33 expression, which was the blast-defining
marker that was used to sort the blast population. This phe-
nomenon resembles a previous report of MLL' infant ALL,
where an HSPC-like blast population was reported that lacked
expression of the characteristic B-cell marker CD19 (41). We
also observed this phenomenon in patient UPN024, treated
for T-cell lymphoblastic lymphoma (T-LBL), where one HSPC-
like cell shared all mutations with the t-MN, thus genetically
characterizing it as a leukemic cell. Interestingly, similar to
UPNO008, we found an MLL rearrangement as the sole genetic
driver of the t-MN of UPN024. This rearrangement was shared
by an additional four HSPC-like cells that did not harbor
all other t-MN mutations in their genomes (Fig. 4C and D).
This observation suggests that additional nongenetic hits are
required for full malignant transformation.

In patients UPNO13 and UPNO14 (Fig. 4E-H), the t-MN
had additional driver mutations that were not shared with the
MLL HSPCs (RUNX1/CBL and KRASC1?A respectively), indicat-
ing these were preleukemic cells that separated from the t-MN
lineage before the leukemic cell of origin started expanding. In
patient UPNO13, treated for beta-thalassemia (see above), the
mutations shared between MLL" HSPCs and t-MN blasts were
all attributed to SBSC [Fig. 4E (a branch)]. In contrast, the
clone-specific mutations (B branches) were mostly attributed
to SBS1 and SBSS, indicating the MLL" HSPCs separated from
the t-MN lineage at the end of mutagen exposure, similar to
UPNOO8 (Fig. 4F). In patient UPNO014, who developed t-MN
after a first diagnosis of ALL, the 13 MLL" HSPCs shared 186
single base substitutions/indels with the t-MN [Fig. 4G (o

branch)]. The MLL" branch had an estimated length of 8.0
years (Methods), whereas the patient was 7.1 years old at t-MN
diagnosis. In this branch, 37 mutations could be attributed
to SBS87 (Fig. 4H). These observations suggest that the first
detectable division of the MLL' cell occurred during thiopurine
exposure. As the timing of MLL rearrangement within this
branch cannot be further determined, it is unclear if this initial
t-MN driver event in this patient was acquired before or after
the initiation of treatment. The unique mutations in the t-MN
and MLL" HSPCs (B branches) were predominantly attributed
to SBS87 and SBS1, whereas three posttreatment non-MLL*
HSPCs showed only the HSPC signature (8 branches), similar
to what was observed in patient UPN024 (Fig. 4D and H).
The lack of SBS87 mutations in these latter cells is likely
explained by the quiescent state of normal HSPCs (42) and the
dependency of thiopurine-induced mutagenesis on replication
(43). In contrast, the t-MN and MLL* HSPCs of UPN014 and
UPNO024 did harbor SBS87 mutations (Fig. 2A; Supplementary
Fig. S6E), suggesting that their predecessors were replicating
during thiopurine treatment. This idea is further supported
by the presence of SBS1 mutations in these cells, which is a
signature that has been associated with cell division (ref. 29;
Fig. 4D and H). The data together suggest that cell division,
which may have been propagated by MLL rearrangement (44),
during thiopurine therapy results in the accumulation of pas-
senger and driver mutations (Fig. 2E).

DISCUSSION

Previous studies have reported the mutational effects of
chemotherapy exposure in cell culture systems, metastasized
cancers, or colonic crypts (3, 6, 20). Here, we report the
first systematic analysis of chemotherapy-associated muta-
tion accumulation in normal blood cells of pediatric cancer
patients. Our t-MN patient cohort includes a large variety in
clinical characteristics, such as age at first cancer diagnosis,
type of first cancer, and treatment regimen. Due to the rela-
tive rarity of the disease, and thus limited availability of sam-
ples in individual centers and even countries, international
collaboration is essential to building larger cohorts and learn-
ing more about the specific mechanisms behind pediatric
t-MN development. Despite these limitations, we could sys-
tematically confirm hypotheses that chemotherapy mutates
normal HSPCs (5). Furthermore, t-MN blasts showed an even
higher mutation load compared with DX2 HSPCs, resulting
in similar mutation numbers to pAML. Phylogenetic analyses
allowed us to time t-MN, which elucidated different timing
of t-MN expansion between treatments. Lastly, patients who

>

Figure 4. MLL"HSPCs in MLL' t-MN patients. A, Phylogenetic tree of DX2 HSPCs and bulk t-MN blasts of patient UPNOO8. Branches without a
label represent DX2 HSPCs. Colored dots indicate the similarity of the 96-trinucleotide profile of each branch with more than 10 mutations with
SBS31. The numbers indicate the number of single base substitutions (SBS) and indels in that branch. Sample marked with an asterisk is the only one
that harbored blast markers. Top right, schematic overview of the disease, treatment, and sample collection time line for this patient. In this patient,
the t-MN blasts had no unique mutations. platin, cisplatin. B, The signature contribution of the mutations in the corresponding lineage trees on the
left. C, Similar to A but for patient UPN024; similarity to SBS87 is depicted in the colored dots. Sample marked with an asterisk is the only one that
harbored blast markers. D, Similar to B but for patient UPNO24. MLLn, MLL normal. E, Similar to A but for patient UPNO13; similarity to SBSC is
depicted in the colored dots. Sample marked with an asterisk is the only one that harbored blast markers. Auto-SCT, autologous stem cell transplan-
tation; HSCT, hematopoietic stem cell transplantation; SCT, stem cell transplantation. F, Similar to B but for patient UPNO13. G, Similar to A but for
patient UPNO14; similarity to SBS87 is depicted in the colored dots. Samples marked with an asterisk are the only ones that harbored blast markers. All
other samples were sorted on HSPC markers. H, Similar to B but for patient UPNO14. o, the MLL rearrangement-containing branch; B, the aggregate of
the unique mutations in the MLL" samples; ¥, the shared mutations of the MLL" samples after the MLL-containing branch; 3, MLL-normal DX2 HSPC;

g, MLL-normal pre-SCT HSPC; ¢, MLL-normal FU1 and DX2 HSPCs; 1, the primary ALL.
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had the longest latency to t-MN development showed a lower
mutation load, which could mean that in those patients
HSPCs with fewer mutations took over the blood system.

To elaborate, we found that posttreatment HSPCs of child-
hood cancer patients harbored a mutation burden compara-
ble with HSPCs of adults. Collectively, these HSPCs showed a
mean increase of 16 years of mutational age with excesses up
to 80 years. In some patients, this increment in mutation load
could be attributed to direct mutagenesis by thiopurines or
platinum-based drugs, as reflected by mutational signatures
(SBS87 and SBS31, respectively). Whereas in previous lit-
erature of pediatric t-MN, both SBS31 and SBS35 have been
linked to platinum therapy (13, 16), we here mainly identi-
fied SBS31. Although the originally extracted non-negative
matrix factorization (NMF) signatures did show character-
istics of SBS35, subsequent refitting revealed a larger cosine
similarity with SBS31 (0.98). In contrast to these clear ther-
apy-related signatures in some cells, we show that in most
HSPCs, the increase in mutation burden upon chemotherapy
exposure could not be explained by direct chemotherapeutic
drug-induced mutagenesis. Their mutational profiles were
more similar to those of older, healthy individuals, indicating
that treatment predominantly causes indirect mutagenesis in
exposed HSPCs. This indirect mutagenesis could be attrib-
uted to SBSS and HSPC signatures, but not to SBS1, which is
also observed in treatment-naive HSPCs during healthy aging
(18, 20) and in line with the predominant quiescent state of
these cells after birth (42). Moreover, hematopoietic stem cell
transplantation in patients with leukemia does not result in
increased HSPC mutation loads (32), making bone marrow
repopulation after therapy an unlikely cause for the observed
increase in mutation load. The lack of direct chemotherapy-
associated signatures in exposed HSPCs corresponds to recent
data on environmental carcinogens in various mouse tumors
(31), suggesting similar mechanisms may be active in other
tissues. Thus, the origin for this indirect mutagenesis may be
replicative stress (45) or stress-induced mutagenesis (46).

We found that direct mutagenesis by chemotherapeutic
drugs may have varying dependencies. Whereas thiopurine-
induced mutagenesis critically depended on cell division,
platinum-based drugs were mutagenic to all assessed cells of
exposed patients. The cisplatin-induced mutations in normal
HSPCs support an earlier hypothesis that nonmalignant cells
are first damaged by chemotherapy before developing into
t-MN (5). Our observations that most HSPCs do not harbor
SBS87 mutations after thiopurine treatment are in line with
previous literature reporting on the lack of 5-FU-related muta-
tions in exposed t-MN cases, which was believed to be caused by
quiescence of normal cells at the time of treatment (5). There-
fore, our data suggest that for the mutagenic action of cisplatin,
cell proliferation is not required. Indeed, cisplatin covalently
binds to base residues in double-stranded DNA and was previ-
ously reported in WGS data to induce mutations in all exposed
t-MNs (5, 13). In addition, our findings imply that MLLF cells
associated with DNA cross-linking treatment can only divide
after the end of exposure, whereas MLL" cells can start dividing
during treatment with the thiopurine base analogues.

In four cases, we observed that HSPCs acquired an MLL
fusion (either before or during treatment) and gave rise to a
pool of (pre-)leukemic, HSPC-like cells that started dividing

during or directly after chemotherapy exposure. The additional
driver mutations in two t-MN genomes indicate that the leu-
kemic cell of origin started expanding and became dominant
after the additional hit, which according to our data might be
anongenetic event. We also identified two cases in which MLL"
HSPCs were genetically indistinguishable from the t-MN, simi-
lar to reports of earlier described leukemic stem cells (47, 48).
Unfortunately, for our patients, we did not have multiple
longitudinal samples available from the period between first
diagnosis and t-MN to further assess the clonal dynamics
preceding t-MN. Deep sequencing of such retrospective sam-
ples could, in the future, shed more light on the timing and
evolution of t-MN development (16). Interestingly, the shared
mutations of all MLL' cells in UPN008 do not harbor a driver
mutation and were completely explained by SBS31 (platinum
induced). This finding is in line with a previous report on
three pediatric neuroblastoma patients, in whom CH, mainly
consisting of platinum-induced mutations and no drivers, pre-
ceded the development of t-MN that arose after the acquisition
of drivers (16). This is in stark contrast to CH in adult cancer
patients, in whom no platinum-induced mutations were found
after treatment (5, 49). In conclusion, we showed that chemo-
therapy can be mutagenic in at least three ways: directly to all
exposed cells by DNA cross-linking, directly to dividing cells
by base analogue incorporation, and indirectly by mimicking
clock-like processes. All these mechanisms ultimately result in
increased mutagenesis, which can contribute to t-MN develop-
ment through induction of cancer driver mutations.

METHODS

Patient Samples

All bone marrow and peripheral blood samples were obtained via
the biobank of the Princess Maxima Center for Pediatric Oncology
with ethical approval under proposals OC2018-07, PMCLAB2018.026,
and PMCLAB2020.151 in accordance with the Declaration of Helsinki.
The mutational spectra from UPNO003 were previously reported (32).
Patients’ written informed consents were obtained by the University
Medical Center Utrecht and the Princess Maxima Center. This study
was approved by the Biobank Research Ethics Committee of the
University Medical Center Utrecht and the Biobank and Data Access
Committee of the Princess Maxima Center. Five patients were first
diagnosed with primary ALL and were in remission at the time that
the follow-up (FU) sample was taken. These were UPN002, UPN004,
UPNO00S5, UPN006, and UPN007. The other patients had diverse pri-
mary diagnoses and developed a t-MN (t-AML, N = 18, t-MDS, N= 1)
later in life. One t-MN blast sample (UPN021 DX2AML) was excluded,
as no clonal mutations were found in this sample, indicating that the
sorted populations were not purely blasts. UPN009 received radio-
therapy, but not chemotherapy as a treatment for the primary cancer;
therefore, the DX2 samples of this patient were excluded from muta-
tion load analyses and posttreatment signature analyses.

FACS and HSPC Culture

Bone marrow mononuclear cells were stained for FACS after
thawing. HSPCs were identified using the following surface markers:
Lin"CD11c¢ CD16°CD34", CD387/CD45RA"™ (Supplementary Fig. S1).
We defined (t-)MN blasts from both first and second diagnoses based
on diagnostic immunophenotyping data if available. In most cases,
these blasts were CD33, CD38, and/or CD34 positive. ALL blasts
from the first diagnosis were defined based on diagnostic immu-
nophenotyping data if available (mostly these were CD10, CD19, or
CD?7 positive).
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Blasts and HSPCs were purified on an SH800S Cell Sorter (Sony,
RRID:SCR_018066). First, blasts were sorted in bulk for DNA isola-
tion, after which HSPCs were index sorted in a flat-bottom, 384-well
plate prepared with 75 uL HSPC culture medium per well. HSPC
culture medium consisted of StemSpan SFEM medium (STEMCELL
Technologies) supplemented with SCF (100 ng/mL), FLT3 ligand
(100 ng/mL), IL6 (20 ng/mL), IL3 (10 ng/mL), TPO (50 ng/mL),
UM?729 (500 nmol/L), and Stemregenin (750 nmol/L).

For five samples (UPN001DX2, UPN023DX1, UPN002DX1,
UPNO005DX1, and UPN004DX1), the obtained sample was depleted for
monocytic, pro-T cell, or pro-B cell blasts (marked by anti-CD14, CD7,
and CD10, respectively) using the EasySep anti-APC kit, following the
manufacturer’s instructions. After blast deletion, we plated mesenchy-
mal stromal cells (MSC) and sorted HSPCs following the same proce-
dure as with all other samples.

HSPCs were cultured for 4 to 7 weeks at 37°C in 5% CO, before col-
lection. MSCs were cultured from a fraction of bone marrow cells by
plating bulk cells in 12-well culture dishes with DMEM-F12 medium
(Gibco) supplemented with 10% FBS. The medium was refreshed every
other day to remove nonadherent cells, and MSCs could be harvested
when confluent (after approximately 2 to 3 weeks).

FACS Antibodies

All antibodies were obtained from BioLegend except for CD13 (Bio-
sciences). Antibodies used for (t-)MN blast and HSPC populations were
as follows: CD34-BV421 (clone 561, 1:20, RRID:AB_11147951), line-
age (CD3/CD14/CD19/CD20/CD56)-FITC (clones UCHT1, HCD14,
HIB19, 2H7, HCDS56, 1:20, RRID:AB_10644012), CD38-PE (clone
HIT2, 1:50, RRID:AB_314357), CD90-APC (clone SE10, 1:200,
RRID:AB_893440), CD45RA-PerCP/CyS.5 (clone HI100, 1:20, RRID:
AB_893358),CD33-PE/Cy7 (clone WMS53,1:100, RRID:AB_2734264),
CD49f-PE/Cy7 (clone GoH3, 1:100, RRID:AB_2561704), CD16-FITC
(clone 3G8, 1:100, RRID:AB_314205), CD11c-FITC (clone 3.9, 1:20,
RRID:AB_314173), CD123-Pe/Cy7 (clone 6H6, 1:100, RRID:AB_
493577), CD13-PerCP/Cy5.5 (Biosciences, clone WMI15, 1:20,
RRID:AB_10645787), and CD14-APC (HCD14, RRID:AB_830680).
Additional antibodies used for depleting ALL blast populations were
CD10-APC (clone HI10a, 1:100, RRID:AB_314920) and CD7-APC
(clone CD7-6B7, 1:100, RRID:AB_1877156).

Cord Blood Chemotherapy Exposure

We used a previously established protocol (33) to treat cord blood-
derived HSPCs with approximately ICs, concentrations of treosulfan
and thiotepa (4 and 12.5 pmol/L, respectively). Thiotepa treatment
was combined with liver enzymes to support conversion to the active
metabolites (6). Used concentrations for these additional compounds
were 0.25% S9 fraction (Aroclor-1254-induced male Sprague Dawley
rat liver), 3 mmol/L NADP (Sigma), and 15 mmol/L DL-isocitric acid
trisodium salt hydrate (Sigma).

DNA Isolation and WGS

DNA was isolated from cell pellets of blasts, MSCs, and clonally
expanded HSPCs using the DNeasy DNA Micro Kit (Qiagen) accord-
ing to the instructions provided by the manufacturer. We modified
this protocol slightly by adding 2 nL. RNase A (Qiagen) during the
lysis step and eluting DNA in 50 pL low EDTA TE buffer (10 mmol/L
Tris, 0.1 mmol/L EDTA, G Biosciences).

For each sample, DNA libraries for Illumina sequencing were
generated from at least 35 ng genomic DNA using standard pro-
tocols. The libraries were sequenced on NovaSeq 6000 sequencers
(RRID:SCR_016387; 2 x 150 bp) at a depth of 15 to 30x. Two t-MN
blast samples (UPN018 and UPN023) were sequenced to 90x cover-
age, as only a DNA pellet was available, and blast purity was 15% and
22%, respectively. Reads were mapped to the human reference genome
GRCh38 using the Burrows-Wheeler Aligner v0.7.17 mapping tool

with settings “bwa mem -M -c100” (50). Sambamba v0.6.8 (51) was
used to mark duplicate sequencing reads, and GATK v.4.1.3.0 (52)
was used to perform base recalibration. See https://github.com/
UMCUGenetics/NF-IAP for a full description and all code of the pipeline.

Mutation Calling and Filtering

Mutation calling and filtering were performed on multisample
VCE files generated using HaplotypeCaller from GATK v.4.1.3.0. GATK’s
VariantFiltration was used for variant quality evaluation with options:
“~filter-expression “QD < 2.0” ~filter-expression “MQ < 40.0” -filter-
expression “FS > 60.0” -filter-expression “HaplotypeScore > 13.0”
-filter-expression “MQRankSum <-12.5” -filter-expression “Read-
PosRankSum <—8.0” -filter-expression “MQO > = 4 && ((MQ0/(1.0 *
DP))>0.1)” -filter-expression “DP < 5” -filter-expression “QUAL < 30”
-filter-expression “QUAL > = 30.0 && QUAL < 50.0” -filter-expression
“SOR > 4.0” ~filter-name “SNP_LowQualityDepth” -filter-name “SNP_
MappingQuality” -filter-name “SNP_StrandBias” -filter-name “SNP_
HaplotypeScoreHigh” -filter-name “SNP_MQRankSumLow” -filter-
name “SNP_ReadPosRankSumLow” -filter-name “SNP_HardToVali-
date” -filter-name “SNP_LowCoverage” -filter-name “SNP_VeryLow-
Qual” -filter-name “SNP_LowQual” -filter-name “SNP_SOR” -cluster 3
-window 10.”

For two impure t-MN blast samples that were sequenced to 90x,
the “SNP_LowQualityDepth” filter was lowered to “QD < 1.0.”

Subsequently, SNPEffFilter (53), SNPSiftDbnsfp (database
dbNSFP3.2a (54), GATK VariantAnnotator (database COSMIC v.89),
and SNPSiftAnnotate (database GoNL release 5) were used for vari-
ant annotation.

Finally, to obtain catalogs of high-quality somatic mutation calls, we
applied postprocessing filtering steps, per patient, as described below
(all scripts are available at https://github.com/ToolsVanBox/SMuRF).

Briefly, only variants were considered that (i) were present on
autosomal chromosomes; (ii) passed VariantFiltration with a GATK
phred-scaled quality score 2100; (iii) had a base coverage of at least
10x (30x samples) or 5x (15x samples) in the clonal and paired control
sample; (iv) had a mapping quality (MQ) score of 60; (v) did not
overlap with single-nucleotide polymorphisms (SNP) in the Single
Nucleotide Polymorphism Database v146 and a panel of unmatched
normal human MSC and fetal genomes (BED-file available upon
request); (vi) had a GATK genotype score (GQ) of 99 (indel/single base
substitution in clonal sample, or indel in paired control) or higher
than 10 (single base substitution in paired control); (vii) had a variant
allele frequency of 20.3 (single base substitution/indel in 30x coverage
sample or indel in 15x sample) or >0.15 (single base substitution in
15x coverage sample) or 0.07 (single base substitution/indel in the two
90x t-MN samples, see above) to exclude in vitro accumulated muta-
tions; and (viii) did not have any evidence from a paired control sample
(MSCs isolated from the same bone marrow) if available. For patients
for whom no matched MSC control was available, or when the control
was contaminated with blast cells (UPNO08/UPNO014), instead of step
(viii) a mutation was filtered out when it (a) was clonally present in all
samples that passed QC for that mutation, (b) was subclonally present
in any sample, or (c) was not confidently absent in at least one sample.

One HSPC clone (UPN013DX2 HSPC 1B23) was excluded, as it did
not match the fingerprint of the other samples of UPN013 and was
likely a surviving donor cell from one of the two unsuccessful stem
cell transplantations that were administered prior to sample collec-
tion. For UPN008 and UPN014, bulk MSC samples were excluded, as
they showed clear contamination with t-MN blasts as evidenced by
reads supporting the t-MN driving fusion and subclonal presence of
t-MN single-nucleotide variant/indel mutations.

Driver Events

Single base substitutions or indels were considered driver events
when they (i) had an MQ of 60, and a GQ of 10 or higher in both
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the (t-)MN and the paired control sample (if available) and mini-
mal base coverage of 10x in both the (t-)MN and the paired control
sample (if available); (ii) had a variant allele frequency higher
than 0.3; (iii) were present in driver genes (either COSMIC Cancer
Gene Consensus, version of 9/5/2019) or one of the frequently
mutated genes in primary pediatric (t-)MN (23); (iv) were a mis-
sense, frameshift, stop-gain, insertion, or deletion; (v) had either a
high or moderate expected effect as annotated by SnpEff; (vi) were
not present in the Single Nucleotide Polymorphism Database v146
and a panel of unmatched normal human MSC and fetal genomes
(BED-file available upon request); and (vii) had no evidence in the
paired control samples (if available; ref. 55).

Structural variant and chromosomal copy-number alteration calling
was performed using the GRIDSS-purple-linx pipeline developed at the
Hartwig Medical Foundation (56). All structural variants were validated
by hand using the Integrative Genomics Viewer (IGV; ref. 57), and false-
positive results were excluded. All whole chromosome duplications and
deletions were considered driver events, as well as partial chromosomal
(arm) gains and losses (reported as one category). Finally, transloca-
tion events resulting in fusion genes that involved at least one known
AML driver gene [in this data set, KMT2A (MLL), RUNX1, MECOM, or
MLLT10] were considered drivers.

Comparison with the Baseline

When comparing mutation load, single base substitution and
indel counts were normalized to GATK CallableLoci’s CALLABLE
length. The baseline data from previous publications were used (18,
19). As described before, a linear mixed-effects model was used to
calculate the slope and intercept of the baseline while taking donor
dependency into account using Ime4 package in R (58). Mutational
ages were calculated based on the expected rate of mutation accumu-
lation over time in HSPCs of healthy individuals, previously defined
as baseline (18), as mutational_age = (number_of_mutations - baseline_
intercept)/baseline_slope.

Mutational Signature Extraction and Refitting

For the analysis of mutational patterns and signatures, the in-
house developed R package MutationalPatterns v3.0.1 (59) was used.
For single base substitution analysis, first, the 96-trinucleotide pro-
files per sample were extracted. Then, NMF was applied on these
data combined with previously published mutational patterns of
healthy tissues (18) to extract nine signatures (“extract_signatures”
with options “rank = 9, nrun = 100”). These signatures were com-
pared with the COSMIC mutational signature database v3.1 (55)
and a previously established clock-like signature in HSPCs (HSPC
signature; ref. 60). Signatures with a cosine similarity of >0.8 to one
of the known signatures were replaced by that signature (1, 5, 18, 31,
87, HSPC). Of note, the signature replaced by SBS31 was very similar
to this signature (cosine similarity of 0.98) but also had some char-
acteristics of SBS35 (cosine similarity of 0.73). The other signatures
were named SBSB and SBSC.

Only from one sample that had more than 100 mutations, the
cosine similarity between the reconstructed profile derived from these
signatures and the original profile had a cosine similarity below 0.8
(UPNO03 t-MN, 1,078 mutations; Supplementary Fig. S4A). We have
previously reported this sample and showed that it had the contribu-
tion of SBSA, a signature caused by ganciclovir. Therefore, we have
added SBSA to the mutational signature repertoire, which resulted in
a cosine similarity of UPN003 t-MN to 0.98 (Supplementary Fig. S4B).

Fitting the Signatures to the Mutational
Profiles of Samples

The resulting set of signatures was used to perform bootstrapped
ficting using “fit_to_signatures_bootstrapped” with options “n_
boots = 100, max_delta = 0.05.” The bootstrap results were averaged
per sample to get the contribution of each signature to the profile of

each sample. Finally, per sample the number of single base substitu-
tions in the reconstructed 96-trinucleotide profile was subtracted
from the original number of single base substitutions and added as
“unexplained” mutations.

The same steps were taken when refitting on the per-branch pro-
files of phylogenetic trees (Fig. 4). The aggregate profiles (Fig. 3C)
were acquired by first making an average profile of HSPCs per time
point per patient and then taking the mean from the resulting pro-
files per time point.

Determining Signature Categories

Cells with a contribution of more than 20% from signature SBSA,
SBSB, SBSC, SBS31, or SBS87 were assigned as t-HSPC and grouped
to the corresponding signature category. Cells with more than 20%
contribution of more than one of these signatures were grouped to
the signature with the highest contribution. Finally, all remaining
cells were assigned to the category n-HSPC, as most of their muta-
tions could be attributed to SBS1, SBSS, and the HSPC signature.
SBS18 was not a category, as in none of the HSPCs or t-MN samples
did SBS18 have a contribution of 20% or more.

Genomic Age Estimation

The healthy 96-trinucleotide mutation data were obtained from
previously sequenced HSPC clonal cultures (18, 32). For each trinucle-
otide category, a linear mixed-effects model was applied to determine
the age-related increase. Predictions for the 96-trinucleotide profiles of
healthy aging were made for each time point at a resolution of 0.1 year.
For each time point of our data set (DX1, FU, and DX2), the n-HSPC
profiles were merged. Each resulting profile was compared with all
baseline profiles using cosine similarity. The mutational age of each of
the three n-HSPC profiles was set to the age of the baseline profile with
the highest cosine similarity.

Constructing Phylogenetic Trees

To construct phylogenetic trees, all samples from one patient
were compared among one another. To obtain only high-confident
mutations and to include mutations that arose during early devel-
opment, filtering was slightly adjusted compared with previous
analyses. If a control MSC sample was available, mutations that
were subclonally (variant allele frequency <0.3) present in the con-
trol were considered. Mutations that were subclonally present in
any other sample were filtered out. To still account for germline
mutations, mutations that were clonally present in all samples were
filtered out. In addition, all samples needed to have passed QC fil-
ters as described above (among others, sufficient coverage and MQ),
not only the sample in which the mutation was found. Finally, for
patient UPNO013, 35 mutations were removed that were detected in
all samples but the primary ALL and that were present in locations
with loss of heterozygosity in the ALL. All shared mutations were
manually inspected in IGV, and false-positive results were filtered
out. A binary mutation table was constructed from the mutations
that passed these criteria, and a tree was constructed using the ape
vS5.5 R package (61).

As filtering to obtain the tree is very strict, mutations that were fil-
tered out due to failed QC in one or more samples were reconsidered.
These mutations were added to a branch only if the variant allele
frequency of that mutation was >0.15 for all samples in that branch
and if the variant allele frequency was 0 for all samples not in the
branch. In addition, mutations only found in one sample were only
considered if that sample passed QC.

The mutations per branch were extracted using the binary muta-
tion table, and a cosine similarity to one of the NMF-extracted or
COSMIC signatures was calculated. Then, the per-branch mutations
were merged into categories, and refitting was performed on the
resulting mutation catalogs as described above.
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Potential Impact of Mutational Signatures

Calculating the probability of a mutation being caused by the
signatures that contributed to that sample was done similarly to that
done by Morganella and colleagues (35). In short, the contributions
of each signature to the sample were multiplied by the chance of each
signature to induce a mutation of the mutation type and trinucleo-
tide context of the driver mutation. These values were summed. The
fraction that each signature contributed to the summed value was
multiplied by 100 to get a probability in percentages.

Extended Context

To determine the extended context of the mutations of posttreat-
ment samples from patient UPNO013, we extracted the —4/+4 context
of each unique mutation in all samples. Next, we pulled all mutations
for each of the six mutation types and plotted the sequence logos
with the R package ggseqlogo v.0.1 (62).

Statistical Analysis

Due to limited primary material availability, no sample-size calcu-
lation was performed. No randomization was performed. Regarding
the included t-MN patients, all patients for whom material at time
of t-MN was available in the biobank were included in our study. For
most samples, at least three (with up to 16) HSPCs were sequenced. As
specifically the t-MN material was scarce, we collected and processed
all available samples to obtain this unique data set. For the compari-
sons of mutation burden and signature contribution between groups,
a two-sided Wilcox test was used.

Data and Code Availability

The dara sets generated during this study are available at the European
Genome-phenome Archive (EGA; https://www.ebiac.uk/ega/) under
accession number EGA:EGAS00001005141. Most of the scripts used
during this study are available at https://github.com/ToolsVanBox/
and in the MutationalPatterns R package (https://bioconductor.org/
packages/release/bioc/html/MutationalPatterns.html). Other scripts
are available upon request.
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