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Abstract

Karyotyping, SNP arrays, fluorescence in situ hybridization and next-generation sequencing techniques have greatly improved 
our understanding of the genetic drivers of acute lymphoblastic leukemia (ALL). In the past years, another layer of genetic 
data has been added by the study of mutational signatures, patterns of somatic mutations that represent specific muta-
tional mechanisms. Mutational signatures can give insight into tumor development, but also reveal mutagenic side-effects 
of treatment in relapse samples. Multiple treatment-related mutational signatures have been detected in relapsed ALL that 
could play a role in therapy resistance and relapse development. In fact, multiple pathogenic driver mutations have been 
attributed to these treatment-related mutational processes, including a recurrent TP53 mutation. Studies in childhood ALL 
revealed that thiopurine exposure is the most common source of therapy-related mutagenicity in ALL and presents differ-
ently when patients are DNA mismatch repair deficient. Thiopurine-induced DNA damage indicates that leukemic cells were 
able to survive thiopurine exposure. This could be due to metabolic defects, acquired mutations that induce thiopurine 
resistance during treatment, or resistance to drugs synergizing with thiopurines. In this review, we discuss the types and 
prevalence of treatment-related mutational signatures in ALL, and explore mechanisms of thiopurine cytotoxicity and mu-
tagenicity.

Introduction

Over the past decades, our understanding of the genetic 
drivers of acute lymphoblastic leukemia (ALL) has greatly 
improved. Initially, karyotyping and fluorescence in situ 
hybridization allowed detection of aneuploidies and major 
genomic rearrangements like ETV6::RUNX1, BCR::ABL1 and 
iAMP21.1 In more recent years, analysis of larger cohorts 
and the use of next-generation sequencing techniques has 
helped distinguish subtypes driven by rare genomic rear-
rangements.2,3 So far, over 30 subtypes of ALL have been 
identified, and many of these serve as important markers 
for prognosis and risk group stratification.3,4 
Next-generation sequencing techniques were also of great 
importance in the identification of secondary drivers. In fact, 
some primary subtype-defining drivers, like ETV6::RUNX1, 
are insufficient for leukemogenesis and require secondary 
drivers to progress to malignancy.5 Secondary drivers were 
initially identified through SNP arrays that detected com-
monly deleted genes like ETV6 and PAX5,6,7 or prognostically 

relevant relapse-enriched genes like IKZF1.8-10 More recent-
ly, the number of known secondary drivers has expanded 
using whole genome sequencing to detect genome-wide 
pathogenic single base substitutions and deletions.11-13 
Next-generation sequencing studies have also provided 
information about the frequency of somatic mutations. 
Overall, the mutational load in ALL is among the lowest in 
human cancer.14,15 Nevertheless, subtype-specific differenc-
es have been observed, and also within subtypes there is 
large variety in the number of mutations.13 To further study 
these somatic mutations, mutation types can be grouped 
based on their genomic context to distinguish so-called 
mutational signatures that correspond to various muta-
tional processes.14,15 Mutational signatures are common-
ly studied using single base substitutions (SBS), double 
base substitutions (DBS), or small insertions and deletions 
(indels).14,15 For SBS signatures, the nucleotides upstream 
and downstream of the mutation are included, resulting in 
patterns of 96 trinucleotides that enable associations with 
mutational processes. Similarly, indel signatures account 
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for the indel size and whether the indel is in a repeat or 
microhomology region. In addition, there are 78 different 
DBS types that enable recognition of mutational process-
es.14-16 So far, the majority of mutational signatures, and 
their associated mutational processes, have been identified 
based on patterns of SBS.15,17

Mutational signatures are commonly detected in cancer 
and can originate from acquisition of mutations during DNA 
replication as well as from abnormal activation of mutational 
processes or defects in DNA repair.14,15 The normal replica-
tion-associated mutations accumulate in a more or less 
fixed number per cell division in both healthy and malignant 
cells, presenting as so-called clock-like mutational signa-
tures.18 Examples include the single base substitution signa-
tures SBS1 and SBS5. In tumors, these signatures become 
apparent due to the clonal outgrowth of malignant cells. 
Moreover, the acquisition of these clock-like mutational 
signatures can be accelerated by chemotherapy.19 Whereas 
clock-like mutational processes can result in pathogenic 
mutations, abnormal mutational processes generally have 
a much larger impact on malignant transformation. For ex-
ample, aberrant intrinsic processes like DNA damage from 
reactive oxygen species or specific DNA repair defects can 
result in rapid accumulation of mutations.15 Furthermore, 
DNA damage from exogenous mutagens is highly enriched 
in some cancer types, such as DNA damage induced by 
UV-light in skin cancer or tobacco smoke-associated DNA 
damage in lung cancer.15,20 
In ALL, several mutational processes were shown to be 
active at time of diagnosis, often in specific subtypes. For 
example, a subset of patients with aneuploid karyotypes, 
including the hyperdiploid, near haploid and iAMP21 sub-
types, are affected by SBS7a, a mutational signature that 
has been associated with UV-light induced DNA damage.12,13,21 
Furthermore, patients of the ETV6::RUNX1-rearranged and 
ETV6::RUNX1-like subtypes may present with SBS2 and 
SBS13-associated mutations.12,13,22 SBS2 and SBS13 result 
from cytidine deaminase DNA editing activity of APOBEC3 
family proteins which target and damage viral single-strand-
ed DNA and RNA as part of the innate immune system, but 
are known to damage host DNA in various cancers.23 This 
subtype-specific presentation of mutational signatures in 
ALL is still not completely understood.
Acute lymphoblastic leukemia is mainly a pediatric disease 
with approximately 80% of cases occurring in children.24,25 

However, prognosis worsens with increasing age.26 This is 
partly explained by a higher incidence of poor prognosis 
subtypes and higher rates of adverse treatment effects 
in older age groups.24,27 Over the past decades, pediatric 
ALL cure rates have greatly improved and the incidence 
of relapse has decreased.28 These improvements can be 
attributed to more adequate risk stratification, more ther-
apeutic options, and better supportive care. Neverthe-
less, relapse occurs across both low-risk and high-risk 
subtypes, and the processes that contribute to relapse 

formation are still poorly understood.4 Overall survival for 
adult ALL patients has also improved, mainly through the 
use of pediatric-based treatment protocols, but prognosis 
is still dismal with high relapse rates.24,29 Most research 
on mutational signatures in ALL has been performed on 
pediatric ALL samples. Thus, there is a lack of knowledge 
in the field of adult ALL.
The mutational load in ALL generally increases with every 
relapse, and in patients that experience multiple relaps-
es, the mutational load may even reach a hypermutation 
threshold.11,30 This observation suggests that certain drugs 
used in the treatment of ALL may have mutagenic side-ef-
fects that play a role in therapy resistance and relapse de-
velopment. Such treatment-related mutational processes 
would leave mutational signatures that are not observed in 
the primary tumor, as has been described in other cancer 
types.31,32 This review discusses the types, prevalence, and 
potential prognostic impact of therapy-related mutational 
signatures in ALL.

Treatment-related mutational 
signatures in acute lymphoblastic 
leukemia

Acute lymphoblastic leukemia treatment is extensive, con-
sisting of an induction phase, a consolidation phase, and 
a maintenance phase. In total, treatment generally lasts 
two years, and involves a large variety of chemotherapeu-
tics.24,29,33-36 Whereas many chemotherapeutics, including 
cyclophosphamide, doxorubicin and etoposide, have been 
associated with genotoxicity, only a small subset is known 
to induce lasting mutagenicity.15,37 Treatment-related muta-
tional signatures can be expected in ALL relapses, particu-
larly when prior treatment with a mutagenic drug showed 
reduced effectivity because of, for example, inadequate 
dose adjustments, ineffective drug delivery, or impaired 
bioconversion to a functionally active compound. Alterna-
tively, resistance to other drugs administered in parallel 
may result in the survival of leukemic cells that contain 
the mutational footprints of mutagenic drugs. Which drugs 
induce increased mutational loads and what mutational 
signatures they produce is difficult to predict. Different 
approaches can be used to identify mutagenic properties, 
including prolonged sublethal exposure of cell lines to 
drugs in vitro, and whole genome sequencing of relapsed 
and metastatic patients that underwent chemotherapy. 
Both approaches have their drawbacks. The in vitro cellular 
exposures may reveal signatures that do not occur in vivo. 
On the other hand, the etiology of mutational signatures 
identified in cohorts of treated cancers can be difficult to 
determine. Treatment history can be unclear, and patients 
have often been treated with a plethora of different drugs. 
Therefore, the two approaches should ideally be combined 
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to reveal direct associations between drug exposure and 
mutational consequences that occur in vivo.
Regarding the in vitro approach, multiple studies have 
exposed cell lines to common mutagens and commonly 
used chemotherapeutics to characterize their mutational 
impact.20,38,39 However, the tested drugs are not necessarily 
relevant to ALL. In fact, only three chemotherapeutics com-
monly used in ALL treatment have been investigated by cell 
line exposure experiments: the anthracycline doxorubicin, 
the alkylating agent cyclophosphamide, and the topoisom-
erase II inhibitor etoposide.20,39 Doxorubicin and etoposide 
did not appear to be mutagenic, but cyclophosphamide 
induced a significant mutational load in two independent 
studies. However, the observed mutational patterns were 
different between the two studies and neither of these 
signatures has been observed in ALL. This could be due to 
the limited use of cyclophosphamide during ALL treatment 
or the previously mentioned discrepancies between in vitro 
and in vivo results. 
The second strategy to identify therapy-related mutational 
processes is by studying cohorts after therapy. Mutational 
signature analysis in relapsed ALL has so far revealed six 
mutational signatures that can be associated with ALL 
treatment (Table 1). SBS87 and thio-dMMR can be allocat-
ed to thiopurine exposure, a class of chemotherapeutic 
drugs commonly used in ALL treatment. SBS87 appears 
to affect about 15% of relapsed patients across different 
subtypes,40,41 but the incidence can increase to up to 52% 
in multiply relapsed patients.30 In a subset of ALL patients 
that have a defect in DNA mismatch repair (MMR), thio-
purines appear to induce a mutational signature that is 
distinct from SBS87, referred to as thio-dMMR. Thio-dMMR 
affects the same trinucleotide contexts of the C>T muta-
tion spectrum but, unlike SBS87, it does not include C>G 
or C>A mutations. SBS86 is found in approximately 10% of 
relapsed ALL patients and seems to be enriched in patients 
of the hyperdiploid subtype.40 The etiology of SBS86 is still 
unknown but its incidence was found to be far greater in 
Chinese patients (15%) than US patients (1%).40 The US and 

Chinese treatment protocols used similar chemotherapy, 
with the exception of etoposide,41 which was non-muta-
genic in in vitro studies.20,39 Perhaps, the source of SBS86 
could be a form of supportive medication. In the cohort 
of multiply relapsed ALL patients, we found one ALL pa-
tient with mutations representing signature SBS17 in the 
first and second relapse.30 Additionally, a recent study of 
adult ALL patients treated with inotuzumab ozogamicin 
(InO) identified a hypermutated patient with a novel indel 
signature consisting of large insertions.42 The significance 
of these sporadic findings is as yet unclear. Nevertheless, 
rare mutational signatures can have clinical relevance as 
evidenced by the mutational signature linked to ganciclovir, 
an antiviral drug which is used to prevent viral reactiva-
tion after hematopoietic stem cell transplantation. This 
ganciclovir-associated mutational signature was found in 
non-malignant cells and a therapy-related acute myeloid 
leukemia after hematopoietic stem cell transplantation as 
part of ALL treatment.43 With the exception of the potential 
InO signature, these mutational signatures have all been 
identified in pediatric ALL samples. Only one small study of 
19 adult T-cell ALL patients has investigated the mutational 
signatures in relapsed adult ALL samples, and found no 
treatment-related mutational signatures.25 However, it is 
worth mentioning that over half of the included patients 
relapsed early, thus limiting the exposure to potentially 
mutagenic drugs. As DNA damage by thiopurines is most 
common in ALL, and has been relatively well-studied, the 
remainder of this review will focus on thiopurine-induced 
mutational signatures.

Thiopurine metabolism

Thiopurines have been a core component of ALL treatment 
since the 1950s44 and are still used throughout all phases of 
treatment. Thiopurines are used most extensively during main-
tenance therapy, in which the thiopurine analog 6-mercapto-
purine (6-MP) is taken daily for at least six months.24,29,33,35,36,45

Mutational signature Disease type Cause Reported frequency Validation References
SBS87 Relapse & t-MN Thiopurine exposure ~15% In vitro assay 30, 40, 41

thio-dMMR Relapse & t-MN Thiopurine exposure in 
MMR-deficient context ~5% In vitro assay 11, 41

SBS86 Relapse Unknown ~10% - 30, 40, 41
SBS17 Relapse Reactive oxygen species Sporadic - 30

Potential InO signature Relapse Potentially Inotuzumab 
ozogamicin Sporadic - 42

Ganciclovir t-MN Ganciclovir exposure Sporadic In vitro assay 43

Table 1. Mutational signatures identified after acute lymphoblastic leukemia treatment.

Reported frequency includes any studies that reported mutational signatures in large cohorts. SBS17 and the potential inotuzumab ozogami-
cin (InO) signature frequencies are sporadic as only one case of each mutational signature has been described in relapsed acute lymphoblas-
tic leukemia (ALL). Ganciclovir signature frequency is noted as sporadic as it has not been studied in the context of larger ALL cohorts, but is 
likely to be rare as it can only affect patients who underwent a hematopoietic stem cell transplant. t-MN: therapy-related myeloid neoplasm; 
MMR: DNA mismatch repair.
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6-MP is a pro-drug that requires metabolic activation to 
become cytotoxic. The first conversion step is catalyzed by 
hypoxanthine-guanine phosphoribosyltransferase (HGPRT) 
to produce thioinosine monophosphate (TIMP). TIMP is 
further metabolized to form thioguanine nucleotides (TGN) 
or methyl-thioinosine monophosphate.46-48 TGN compete 
with guanine nucleotides for DNA incorporation opposite 
cytosines during DNA replication without a direct cytotoxic 
effect (Figure 1). During replication, incorporated TGN pair 
with thymines and cytosines equally, and TGN-thymine pairs 
are repaired by MMR.46 Approximately 1:10,000 incorporated 
TGN become methylated, and pairing with cytosines can 

then trigger MMR depending on sequence context.46,49,50 As 
a result, a cycle of repeated mismatch insertion and repair 
occurs. Eventually, DNA strand breaks accumulate and 
trigger apoptosis, the intended cytotoxic effect of 6-MP 
(Figure 1).46,48

Besides 6-MP, the thiopurine analog 6-thioguanine (6-TG) 
is also used in ALL treatment, but 6-MP is now preferred 
due to 6-TG hepatotoxicity.51 Unlike 6-MP, 6-TG is directly 
converted to thioguanine monophosphate (TGMP) by HGPRT 
(Figure 1).46 Consequently, 6-TG has a shorter half-life, poten-
tially increasing toxicity. Furthermore, 6-MP is metabolized 
to methyl-thioinosine monophosphate (MeTIMP), while 6-TG 

Figure 1. Pathway of thiopurine pro-drug conversion to cytotoxic thioguanosine triphosphate. The main pathway is shown in blue, 
and thiopurine metabolites that can no longer be converted to thioguanosine triphosphate (TGTP) are shown in yellow. 6-mercap-
topurine (6-MP) is converted to thioinosine monophosphate (TIMP) by hypoxanthine-guanine phosphoribosyltransferase (HGPRT). 
TIMP is then converted by inosine monophosphate dehydrogenase (IMPDH) and subsequently guanine monophosphate synthetase 
(GMPS) to thioguanine monophosphate (TGMP). HGPRT is also involved in the direct conversion of 6-thioguanine (6-TG) to TGMP. 
TGMP is phosphorylated to thioguanine diphosphate (TGDP) and TGTP by deoxynucleoside kinases and reductase. TGTP represents 
the toxic nucleoside analog that is transported to the nucleus and incorporated in DNA during replication. Methotrexate (MTX) is 
another drug used in the treatment of acute lymphoblastic leukemia (ALL) that synergizes with thiopurines through inhibition of 
xanthine oxidase (XO) and de novo purine synthesis. MTX also indirectly inhibits thiopurine S-methyltransferase (TPMT) by limiting 
the supply of methyl donor S-adenosyl methionine; we chose not to depict this indirect interaction here. Several enzymes coun-
teract in this pathway, thereby reducing TGTP toxicity (depicted in red font). For example, XO converts 6-MP to thiouric acid. TPMT 
methylates 6-TG, 6-MP, TIMP and TGMP, which prevents cytotoxicity. Nudix hydrolase 15 (NUDT15) inhibits thiopurine toxicity by 
dephosphorylating TGTP and TGDP. Activating  phosphoribosyl pyrophosphate synthetase 1 (PRPS1) mutations prevent TGMP forma-
tion from 6-MP and 6-TG through inhibition of HGPRT. Furthermore, these mutations impair the negative feedback loop of de novo 
purine synthesis, which leads to increased levels of purines that compete with TGTP for incorporation in DNA. Finally, NT5C2 re-
duces thiopurine toxicity by dephosphorylation of TIMP and TGMP, facilitating their export from the cell. MeMP: methyl-mercapto-
purine; MeTG: methyl-thioguanine; MeTIMP: methyl-thioinosine monophosphate.
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is not.46 MeTIMP inhibits de novo purine synthesis, limiting 
the number of guanine nucleotides competing with TGN for 
incorporation in DNA, improving 6-MP efficacy (Figure 1).46-48

DNA mismatch repair in acute 
lymphoblastic leukemia and 
thiopurine metabolism

MMR plays a key role in the repair of thioguanine-thymine 
lesions, as well as in triggering apoptosis upon thiopurine 
exposure. MMR deficiency, caused by alterations (SNV, indels 
or deletions) in either of the key genes MSH2, MSH6, MLH1, 
or PMS2, is a well-known mutagenic mechanism leading 
to a hypermutator phenotype and recognizable mutation-
al signatures.15 MMR deficiency as a thiopurine resistance 
mechanism in ALL has been well studied, particularly in 
children. In fact, it has been shown that at initial diagnosis 
about 11% of pediatric ALL samples had excessive degra-
dation of MSH2, resulting in low or undetectable MSH2 
protein levels.52 Additionally, MSH2 or MSH6 appear to be 
altered in up to 10% of relapsed patients.11,53,54 These pa-
tients do not necessarily present with typical features of 
MMR deficiency as an intact allele is often still present.53 
Yet, apparently, MMR function is reduced sufficiently to 
increase thiopurine resistance, prevent apoptosis, and 
increase incorporation of thioguanines in DNA.52,53 As a 
result, patients had an increased incidence of relapse and 
lower overall survival, which seemed independent of ALL 
lineage and subtype.52 Interestingly, the MMR alterations 
primarily involve MSH2 and MSH6, while MLH1 and PMS2 
alterations only occur sporadically.41,55-57 This biased en-
richment suggests that binding of the MSH2-MSH6 dimer 
to thioguanine-thymine lesions is sufficient to trigger an 
apoptotic cascade in response to thiopurine-induced DNA 
damage, and recruitment of MLH1 and PMS2 to initiate 
repair of these lesions is not needed for cytotoxicity. Al-
ternatively, ALL cells may require a complete deficiency of 
MLH1 or PMS2 to induce thiopurine resistance, while for 
MSH6 and MSH2, haploinsufficiency suffices. Altogether, 
MMR deficiency in ALL is a potent thiopurine resistance 
mechanism that is enriched at relapse.
Recently, it was noticed that MMR deficiency rarely co-oc-
curs with mutations in the base excision repair pathway. 
Hence, the authors posited that base excision repair would 
be critical for survival of thiopurine DNA damage in an 
MMR-deficient context.54 The base excision repair pathway 
would then represent a targetable vulnerability of MMR-de-
ficient malignancies. Indeed, MMR-deficient cell lines and 
patient-derived xenografts were vulnerable to a combination 
of 6-thioguanine and oleanolic acid, an inhibitor of poly-
merase b which is critical for base excision repair.54 However, 
the clinical feasibility and efficacy of base excision repair 
inhibition in ALL patients remains to be studied.

The etiology of thiopurine-associated 
mutational signatures
SBS87 and thio-dMMR have been identified in large cohorts 
of relapsed patients.11,40,41 The prominence of C>T mutations in 
both signatures suggested thiopurines as a potential source 
of mutagenesis. The thiopurine origin of SBS87 was con-
firmed in a thiopurine-exposed cell line model.40 Similarly, 
thiopurine exposure in an MMR-deficient cell line replicated 
the thio-dMMR signature.41 Notably, thio-dMMR induced a 
far higher mutational load than SBS87, with some patients 
acquiring over 15,000 thio-dMMR-associated mutations. This 
high mutation load is in line with the highly increased toler-
ance of thiopurine-induced DNA damage in MMR-deficient 
ALL52-54 as well as the lack of repair of thioguanine-thymine 
lesions. This lack of repair potentially explains why SBS87 
and thio-dMMR present as different patterns (Figure 2). In an 
MMR-deficient context, the thymines that are incorporated 
opposite methylated TGN are systematically ignored, whereas 
in MMR-proficient cells a cycle of mismatch recognition and 
repair occurs. The exclusive presentation of C>G mutations 
seen in SBS87, in comparison to thio-dMMR, could indicate 
that MMR becomes more error-prone after repeated repair 
attempts, or that the repeated single strand breaks induced 
by MMR might attract alternative, more error-prone repair 
mechanisms. 
Whereas TGN have no known preference for specific genomic 
regions or consensus sequences,48,58 the trinucleotide contexts 
that define thio-dMMR (N [C>T] G) and SBS87 (N [C>G/T] G) 
are restricted to cytosines with a downstream guanine (CpG 
sites). CpG sites are preferentially bound and methylated by 
DNA methylases59 that might also methylate the TGN that are 
incorporated at CpG sites. It is likely that this restriction to 
CpG sites also explains why thio-dMMR so clearly resembles 
SBS1, which underlies cytosine to thymine mutations at CpG 
sites due to deamination of methylated cytosines.15,18,41

While Yang et al. were the first to link the thio-dMMR signa-
ture to thiopurine exposure in an MMR-deficient context,41 the 
thio-dMMR signature had already been noticed in an earlier 
study that identified an increased mutational load in five mis-
match repair deficient samples.11 In this study, the similarity 
to SBS1 was noted but, in contrast to SBS1, a significant bias 
for the transcribed strand was observed. This bias for the 
transcribed strand is also present in SBS87, and is thought 
to result from thioguanines triggering transcription-coupled 
nucleotide excision repair, thus often being removed from the 
transcribed strand.40,41 In retrospect, the mutational signature 
extracted in the Waanders et al. study is a near perfect match 
with the thio-dMMR signature described by Yang et al.11,41

Possible mechanisms underlying 
thiopurine mutagenesis
Despite widespread use of thiopurines in ALL treatment, 
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the detection of SBS87 in only approximately 15% of first 
relapses may be unexpected.40,41 The factors determining 
SBS87-associated damage remain unclear, but its selective 
occurrence in ALL relapses suggest that additional factors 
are involved. Since SBS87 indicates thiopurine damage 

without cell death, thiopurine dosage or efficacy may be 
crucial. Potential factors could be metabolic defects, ac-
quired mutations that induce thiopurine resistance during 
treatment or resistance to drugs synergizing with thiopu-
rines.

Figure 2. Cytotoxicity and mutagenesis by the thiopurine metabolite thioguanosine triphosphate. After incorporation in DNA 
thioguanosine triphosphate (TGTP) are normally paired with cytosines or thymines. Whereas TGN-thymine mismatches are re-
paired by mismatch repair (MMR), TGN-cytosine pairs are ignored. However, incorporated TGN often become methylated and then 
mismatch with both thymines and cytosines. In an MMR deficient context, these lesions are not repaired and cytosine to thymine 
mutations are incorporated in DNA, resulting in a mutational signature called thio-dMMR. In an MMR proficient context, both 
methylTGN-thymine and methylTGN-cytosine lesions are recognized by MMR, which removes a large portion of the coding strand, 
to enable resynthesis. However, after the mismatching nucleotide is removed, it is replaced with another mismatching cytosine 
and thymine, as the template strand still contains the methylated thioguanine. This can then induce a cycle of repeated MMR 
recruitment and failed repair. If these repair cycles remain unresolved, they are thought to incur double strand DNA breaks during 
the next round of DNA replication, resulting in apoptosis. If the cell does not commit to apoptosis, a cytosine to thymine muta-
tion can be permanently established. Alternatively, a guanine or adenine can be inserted at the lesion, but it is currently unknown 
if this is due to the repeated action of the mismatch repair pathway or due to alternative repair pathways. Together, these cyto-
sine mutations are recognized as mutational signature SBS87. EXO1: exonuclease 1; MLH1: MutL homolog 1; MSH2: MutS homolog 
2; MSH6: MutS homolog 6; PMS2: postmeiotic segregation increased 2.
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Numerous genes regulate thiopurine metabolism and, 
thereby, the efficacy and toxicity of 6-MP treatment (Fig-
ure 1). Alterations in these genes can cause sensitivity or 
resistance to thiopurines. This altered thiopurine metab-
olism complicates 6-MP use, and could be conducive for 
acquisition of SBS87. An increased sensitivity to thiopurines 
can result from germline alterations in TPMT or NUDT15.60,61 
TPMT prevents the formation of cytotoxic thioguanine nu-
cleotides by methylating 6-MP, 6-TG and their downstream 
metabolites (Figure 1).46 NUDT15 prevents incorporation of 
thioguanine nucleotides into DNA by dephosphorylating 
thioguanine nucleotides (Figure 1).61 Patients with NUDT15 
or TPMT germline alterations experience increased adverse 
effects, are at increased risk of second malignancies and 
are treated with lower thiopurine doses.60-62 Lower TPMT 
activity increases cytosolic thioguanines, but does not 
increase thioguanine incorporation in DNA.63 A possible 
explanation is that thiopurine metabolites that are meth-
ylated by TPMT inhibit de novo purine synthesis (Figure 1). 
Thus, lower TPMT activity results in more guanines that 
compete with thioguanines for incorporation into DNA.63 
Therefore, lower thiopurine doses in TPMT-deficient pa-
tients could result in insufficient cell death, resulting in 
an increased burden of SBS87. In line with this hypothe-
sis, Li et al. found significantly lower TPMT expression in 
SBS87-positive patients.40 Thus, increased sensitivity to 
thiopurines may increase the risk of thiopurine-induced 
mutagenesis.
NT5C2, PRPS1, and PRPS2 mutations can all induce 6-MP 
resistance by decreasing, but likely not completely abol-
ishing, the incorporation of thioguanines into DNA. This 
low rate of thioguanine incorporation could allow cells to 
survive thiopurine treatment, but still acquire DNA damage. 
Activating NT5C2 mutations cause increased dephosphor-
ylation of thiopurine metabolites, which are subsequently 
exported out of the cell (Figure 1).64-66 PRPS1 mutations 
decrease 6-MP efficacy through two mechanisms. PRPS1 
is essential for the first step of de novo purine synthe-
sis, and is inhibited by the purine end products of this 
pathway, which is known as the negative feedback loop 
of de novo purine synthesis. Activating PRPS1 mutations 
prevent PRPS1 inhibition by purines, thereby increasing 
de novo purine synthesis and thus the pool of purines 
competing with thioguanines for incorporation in DNA 
(Figure 1).67 Another consequence of this increased purine 
pool is an excess of hypoxanthine that saturates HGPRT, 
thereby limiting conversion of thiopurines by HGPRT. Ad-
ditionally, PRPS1 forms a hexamer structure with PRPS2, 
which can be destabilized by a specific PRPS2 mutation. 
This destabilized hexamer prevents inhibition of PRPS1, 
which in turn increases PRPS1 activity.68 NT5C2 and PRPS1 
mutations have been described in relapsed ALL cases that 
showed SBS87.30,41 However, not all cases with NT5C2 or 
PRPS1 mutations present with SBS87, and not all cases 
that present with SBS87 have NT5C2 or PRPS1 mutations.

Another cause of SBS87 could be a more general 6-MP 
dosing issue. The most accurate measure of thiopurine 
efficacy during maintenance therapy is the amount of 
thioguanine nucleotides incorporated into DNA, called the 
DNA-TGN. As leukemic cells and circulating leukocytes are 
similarly exposed to thiopurines, the DNA-TGN of circu-
lating leukocytes can be used as a proxy.69 Leukemic cells 
of patients that show consistently low DNA-TGN will likely 
not commit to apoptosis and instead acquire SBS87. In 
fact, it is known that a higher DNA-TGN content correlates 
with a lower chance of relapse,69,70 which suggests that 
low DNA-TGN correlates with reduced apoptosis. It would, 
therefore, be an interesting future subject of study to 
compare the DNA-TGN levels during treatment between 
patients who have and and those who have not acquired 
SBS87 at relapse. A method to increase the DNA-TGN is 
currently being studied as a subprotocol of the European 
ALLTogether1 trial. During maintenance therapy, 6-MP is 
complemented with a low dose of 6-TG. The hypothesis 
is that DNA-TGN levels will be increased, without intro-
ducing the hepatotoxicity associated with 6-TG.71,72 As the 
DNA-TGN of the patients in this trial is closely monitored, 
this study represents an excellent opportunity to correlate 
DNA-TGN levels with SBS87 levels at relapse.
A third possible cause of SBS87 relates to the need for 
synergy with other drugs, as 6-MP alone might simply not 
eliminate all leukemic cells in a patient. ALL is treated 
with a multi-drug regimen and resistance to a single 
drug will lower treatment efficacy.73 During maintenance 
therapy, daily 6-MP intake is combined with weekly meth-
otrexate (MTX) administration.35,36,45 MTX improves 6-MP 
efficacy in multiple ways. Firstly, MTX inhibits xanthine 
oxidase, which increases 6-MP bioavailability as xanthine 
oxidase converts 6-MP to thiouric acid (Figure 1).47,74 Ad-
ditionally, MTX inhibits de novo purine synthesis, there-
by decreasing the pool of nucleotides competing with 
thioguanine nucleotides for incorporation in DNA (Figure 
1).47,74 Lastly, MTX inhibits dihydrofolate reductase, which 
is essential for the generation of tetrahydrofolate from 
folic acid. Tetrahydrofolate in turn is needed for S-ade-
nosyl methionine generation, which is the methyl donor 
for methylation of 6-MP and its downstream metabolites 
by TPMT.47,74 Thus, dihydrofolate reductase inhibition by 
MTX might shield 6-MP and its downstream metabolites 
from methylation by TPMT. While MTX is not essential 
for 6-MP cytotoxicity, it enhances its effects, and MTX 
resistance may lower 6-MP efficacy and promote SBS87 
acquisition. MTX is a pro-drug and requires polyglutama-
tion by folylpolyglutamate synthase to become cytotoxic, 
and loss of folylpolyglutamate synthase induces MTX 
resistance.75,76 Low levels of polyglutamated MTX predict 
poor outcome.77 Thus, MTX resistance represents another 
mechanism that decreases 6-MP cytotoxicity, and could 
initiate a switch from 6-MP induced apoptosis to 6-MP 
induced mutagenesis (SBS87).
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Pathogenicity of mutational 
signatures
Mutational processes can affect highly specific DNA contexts 
and, as a result, some mutational processes have a high 
propensity of inducing specific driver (hotspot) mutations.78 

By comparing the affinity of each mutational process for 
each trinucleotide context, with the contribution of each 
mutational process to the mutational load of a sample, 
the odds of specific mutations having been caused by a 
mutational process can be calculated.79,80 Additionally, it 
has recently been proposed that activity of mutational 
processes in cancer results in higher clonal heterogeneity, 
which increases the chance that a therapy-evading clone 
emerges.81 This ability of mutational processes to induce 
driver mutations and increase clonal heterogeneity also 
applies to treatment-related mutagenicity. In other words, 
mutations induced by chemotherapy can cause chemo-
therapy resistance.
The role of treatment-related mutational processes in re-
lapse development has also been studied in ALL. SBS86, 
SBS87 and thio-dMMR were all found to induce relapse-driv-
ing mutations.30,40,41 Numerous therapy-induced mutations 
have been detected in TP53 (broad chemotherapy resis-
tance82), NT5C2 and PRPS1 (thiopurine resistance66,67), and 
NR3C1 (glucocorticoid resistance83), as well as sporadic 
therapy-induced mutations in other relapse-associated 
genes.30,40,41 Three mutations have been recurrently detected, 
of which the TP53 R248Q hotspot mutation is most com-
mon (Table 2). This C>T mutation occurs in a CCG context, 
which is a prominent peak in the SBS87 and thio-dMMR 
signatures (Figure 2). Indeed, the majority of TP53 R248Q 
mutations detected by Yang et al. were attributed to SBS87 
or thio-dMMR.41 Still, the question of cause and effect re-
mains, since treatment-related mutagenesis can induce 
relapse-driving mutations in ALL and, conversely, che-
motherapy-resistance mutations can potentially induce 
treatment-related mutagenesis.
Around 0.5-2% of children treated for cancer develop a 
therapy-related second malignancy.5 ALL treatment most 
often incurs therapy-related acute myeloid leukemia or 

myelodysplastic syndrome. These second malignancies have 
a dismal prognosis and are harder to treat than equiva-
lent primary malignancies.84 Whole genome sequencing of 
such therapy-related myeloid neoplasms (t-MN) revealed 
treatment-associated mutational signatures similar to 
those found in ALL relapses. A study in which 16 pediat-
ric t-MN were whole genome sequenced, of which 11 re-
sulting from ALL treatment, revealed a high incidence of 
treatment-related mutational signatures.32 Of the 11 t-MN 
resulting from ALL treatment, 4 presented with SBS87 and 
2 presented with thio-dMMR. These mutational process-
es induced pathogenic mutations that could drive these 
t-MN, including the thiopurine-associated TP53 R248Q 
mutation in a therapy-related acute myeloid leukemia.32 
Similarly, another study identified SBS87 in 3 out of 4 t-MN 
resulting from ALL treatment.61 Finally, the largest whole 
genome sequencing study of t-MN to date included 44 
t-MN and reported SBS87 in 10 out of 11 t-MN resulting 
from ALL treatment, with potentially SBS87-induced driv-
er mutations in the majority of these patients.86 As such, 
t-MN resulting from ALL treatment are frequently affected 
by thiopurine-induced mutational signatures, which often 
induce pathogenic driver mutations. The numerous thio-
purine-induced driver mutations detected in t-MN may 
indicate that thiopurine-induced mutagenesis contributes 
to the development of t-MN.

Future perspectives

Insight into the mutational processes at play in ALL has 
helped understand the negative side-effects of chemother-
apy and the process of relapse development. Nevertheless, 
much remains to be studied. For example, it is still not 
fully understood why treatment-related mutations are only 
found in a subset of patients, but metabolic defects and 
acquired therapy resistance likely play a role. Moreover, 
techniques to recognize those patients acquiring treat-
ment-related mutations before a relapse-driving mutation 
is induced need further development. Additionally, there 
are rare mutational signatures that are only sporadically 

Gene
Mutation 

(trinucleotide 
context)

Mutational signature N of times reported Disease type References

TP53 R248Q 
(C [C>T] G)

SBS87 (4),  
thio-dMMR (5) 9 Relapse (8), t-MN (1) 30, 32, 40, 41

NT5C2 R367Q
(T [C>T] G) SBS87 4 Relapse 30, 40

PRPS1 S103R
(G [C>G] C) SBS86 2 Relapse 40

Table 2. Recurrent pathogenic driver mutations induced by treatment-related mutagenesis.

Mutational signature: the number in brackets denotes how often the mutation was attributed to each mutational signature. Disease type: the 
number in brackets denotes how often the mutation was detected in relapsed acute lymphoblastic leukemia or therapy-related myeloid neoplasms 
(t-MN). MMR: DNA mismatch repair.
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identified. What causes patients to acquire mutagenesis 
that is not or rarely seen in other patients, and if such rare 
mutational signatures impact therapy and disease devel-
opment, requires further study as well. Another key area 
of research is the role of treatment-related mutagenesis in 
second malignancies. Identifying which patients are at the 
greatest risk of second malignancies could enable effective 
monitoring and prevention strategies to reduce mutational 
burden during treatment. Furthermore, the presence of 
treatment-related mutational signatures in relapsed adult 
ALL is understudied, despite the high relapse rate of adult 
ALL. Adult treatment protocols are mostly based on pediat-
ric treatment regimens.24,29 Thus, similar mutational patterns 
to those observed in pediatric ALL could be expected in 
adult ALL, but the prevalence is still unclear.
To better monitor if and when patients acquire treat-
ment-related mutations, studies are needed in which 
the effective drug dose is closely monitored throughout 
treatment. In the case of SBS87, the incorporation rate 
of thioguanines in DNA should then be monitored during 
treatment. It will be interesting to compare the rate of 
SBS87 acquisition between patients that had extensive 
periods of low thioguanine incorporation with patients that 
had high thioguanine incorporation levels. Such studies 
could help clarify whether it is thiopurine underexposure 
or overexposure that causes SBS87.
A major ongoing development in ALL treatment is the ad-
dition of various forms of immunotherapy.87 Whether these 
novel drugs are mutagenic is still an underexplored topic. 
Immunotherapies like chimeric antigen receptor T cells and 
blinatumomab, which allow efficient killing of leukemic 
cells by T cells, are unlikely to be mutagenic. Immuno-
therapies relying on conjugated drugs, however, could be 
highly mutagenic depending on the conjugated drug. InO, 
for example, uses a calicheamicin-class conjugate that kills 
cells through DNA damage. Indeed, InO escape mechanisms 
not only rely on defects of the receptor protein CD22, as 
seen in resistance to other immunotherapies,87 but also on 
deregulation of the G1/S DNA damage checkpoint through 
defects in TP53, ATM and CDKN2A.42 Furthermore, one hy-
permutated sample presented with a novel indel signature, 
hallmarked by insertions >10bp, which could be the result 
of excessive error-prone double strand break repair. The 
accumulation of mutations resulted in the appearance of 
multiple subclones with CD22 mutations. Based on these 
findings, it appears worthwhile to study therapy-induced 
mutagenicity in cohorts treated with specific novel thera-
pies, and InO in particular.
Over the past decades, multiple ALL relapse-drivers have 
been identified.88 These genes stood out for carrying pre-ex-
isting mutations that were strongly selected during therapy, 
but also because mutations in these genes were frequently 
acquired in relapse. The treatment-related mutagenicity 
discussed in this review has now improved our under-
standing of the acquisition of relapse drivers after initial 

diagnosis. However, while it is clear that treatment-related 
mutagenesis can induce relapse-driving mutations, whether 
chemotherapy resistance contributes to treatment-relat-
ed mutagenesis is still understudied. For example, NT5C2 
mutations, that induce thiopurine resistance, have been 
associated with SBS87. It has already been extensively prov-
en that activating NT5C2 mutations allow cells to tolerate 
thiopurines in vitro,64-66 but it is still unknown if cells then 
also acquire SBS87. Therefore, it would be interesting to 
see if thiopurine doses that kill NT5C2 wild-type clones, 
would instead induce SBS87 in NT5C2 mutant clones. 
The additional mutational load induced by mutational signa-
tures is thought to result in higher clonal heterogeneity. This 
increased clonal heterogeneity may increase the chance that 
a therapy-resistant clone emerges, as recently observed in 
patients treated with InO.42,81,89 As such, the high mutational 
load induced by thiopurines in mismatch repair deficient 
samples could represent a contraindication for thiopurine 
use in these patients. After all, the drug is well tolerated 
by the leukemic cells and the increased mutational load 
represents a risk for acquisition of additional pathogenic 
alterations. Thiopurine use would represent a risk especial-
ly in patients that carry a single copy loss of TP53, either 
somatically or in the germline. Patients with a single copy 
TP53 loss present with broad therapy resistance and, as a 
result, a poor prognosis.82 Loss of both TP53 alleles, for ex-
ample, by an additional SBS87-associated R248Q mutation, 
worsens prognosis further.90 Another risk group is made up 
of patients with constitutional mismatch repair deficiency 
(CMMRD). CMMRD is a cancer predisposition syndrome 
caused by germline homozygous loss of any of the four key 
MMR genes,91 and CMMRD patients are often diagnosed with 
hematologic malignancies.92-94 A contraindication already 
exists for the methylating agent temozolomide, which is 
a core component of glioblastoma treatment, the most 
common malignancy in CMMRD patients.95,96 Similar to 
thiopurines, temozolomide methylates guanine, resulting 
in O6-methylated guanine nucleotides that trigger a cycle 
of repeated failed mismatch repair, followed by apoptosis.97 
Consequently, in an MMR-deficient context, temozolomide 
induces hypermutation without therapeutic benefit. The 
controversial status of temozolomide use in CMMRD pa-
tients and MMR deficient tumors shows that thiopurine use 
in these scenarios also requires further scrutiny.98 
Finally, mutational processes have mostly been defined 
using SBS, but this does not necessarily mean that other 
mutational signatures are absent. After all, rare or less 
distinct mutational signatures can easily be missed when 
lacking sufficient power. Moreover, the repertoire of muta-
tional signatures is ever expanding, as mutational signatures 
have now been defined for copy number alterations,99,100 

structural variations,101-103 and single base substitutions in 
RNA.104 It has already been shown that structural variation 
breakpoints differ between ALL subtypes, which indicates 
that ALL drivers are generated by distinct mutational pro-
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cesses.12 Future studies, using novel methods of mutational 
signature detection and extended cohorts will surely help 
further delineate the mutational processes driving ALL at 
initial diagnosis and relapse.

Disclosures
No conflicts of interest to disclose.

Contributions
RPK conceptualized the study and supervised the review. 
CGH conceptualized the study, wrote the first version of the 
manuscript, and prepared the figures. All authors wrote the 
manuscript. 

References

	 1.	Harrison CJ, Johansson B. Acute lymphoblastic leukemia. In: 
Heim S, Mitelman F, Cancer Cytogenetics: Chromosomal and 
Molecular Genetic Aberrations of Tumor Cells. 4th ed. John Wiley 
& Sons Ltd.; 2015. p. 198-251.

	 2.	Inaba H, Mullighan CG. Pediatric acute lymphoblastic leukemia. 
Haematologica. 2020;105(11):2524-2539.

	 3.	Iacobucci I, Kimura S, Mullighan CG. Biologic and therapeutic 
implications of genomic alterations in acute lymphoblastic 
leukemia. J Clin Med. 2021;10(17):3792.

	 4.	Jeha S, Choi J, Roberts KG, et al. Clinical significance of novel 
subtypes of acute lymphoblastic leukemia in the context of 
minimal residual disease-directed therapy. Blood Cancer Discov. 
2021;2(4):326-337.

	 5.	Papaemmanuil E, Rapado I, Li Y, et al. RAG-mediated 
recombination is the predominant driver of oncogenic 
rearrangement in ETV6-RUNX1 acute lymphoblastic leukemia. 
Nat Genet. 2014;46(2):116-125.

	 6.	Kuiper RP, Schoenmakers EFPM, van Reijmersdal SV, et al. High-
resolution genomic profiling of childhood ALL reveals novel 
recurrent genetic lesions affecting pathways involved in 
lymphocyte differentiation and cell cycle progression. Leukemia. 
2007;21(6):1258-1266.

	 7.	Mullighan CG, Goorha S, Radtke I, et al. Genome-wide analysis of 
genetic alterations in acute lymphoblastic leukaemia. Nature. 
2007;446(7137):758-764.

	 8.	Mullighan CG, Su X, Zhang J, et al. Deletion of IKZF1 and 
prognosis in acute lymphoblastic leukemia. N Engl J Med. 
2009;360(5):470-480.

	 9.	Kuiper RP, Waanders E, van der Velden VHJ, et al. IKZF1 deletions 
predict relapse in uniformly treated pediatric precursor B-ALL. 
Leukemia. 2010;24(7):1258-1264.

	 10.	Marke R, van Leeuwen FN, Scheijen B. The many faces of IKZF1 in 
B-cell precursor acute lymphoblastic leukemia. Haematologica. 
2018;103(4):565-574.

	 11.	Waanders E, Gu Z, Dobson SM, et al. Mutational landscape and 
patterns of clonal evolution in relapsed pediatric acute 
lymphoblastic leukemia. Blood Cancer Discov. 2020;1(1):96-111.

	 12.	Studd JB, Cornish AJ, Hoang PH, Law P, Kinnersley B, Houlston R. 
Cancer drivers and clonal dynamics in acute lymphoblastic 
leukaemia subtypes. Blood Cancer J. 2021;11(11):177.

	 13.	Brady SW, Roberts KG, Gu Z, et al. The genomic landscape of 
pediatric acute lymphoblastic leukemia. Nat Genet. 
2022;54(9):1376-1389.

	 14.	Alexandrov LB, Nik-Zainal S, Wedge DC, et al. Signatures of 
mutational processes in human cancer. Nature. 
2013;500(7463):415-421.

	 15.	Alexandrov LB, Kim J, Haradhvala NJ, et al. The repertoire of 
mutational signatures in human cancer. Nature. 
2020;578(7793):94-101.

	 16.	Koh G, Degasperi A, Zou X, Momen S, Nik-Zainal S. Mutational 

signatures: emerging concepts, caveats and clinical applications. 
Nat Rev Cancer. 2021;21(10):619-637.

	 17.	Degasperi A, Zou X, Amarante TD, et al. Substitution mutational 
signatures in whole-genome-sequenced cancers in the UK 
population. Science. 2022;376(6591):science.abl9283.

	 18.	Alexandrov LB, Jones PH, Wedge DC, et al. Clock-like mutational 
processes in human somatic cells. Nat Genet.  
2015;47(12):1402-1407.

	 19.	Bertrums EJM, Rosendahl Huber AKM, de Kanter JK, et al. 
Elevated mutational age in blood of children treated for cancer 
contributes to therapy-related myeloid neoplasms. Cancer 
Discov. 2022;12(8):1860-1872.

	 20.	Kucab JE, Zou X, Morganella S, et al. A compendium of 
mutational signatures of environmental agents. Cell. 
2019;177(4):821-836.e16.

	 21.	Hayward NK, Wilmott JS, Waddell N, et al. Whole-genome 
landscapes of major melanoma subtypes. Nature. 
2017;545(7653):175-180.

	 22.	Li Z, Zhao H, Yang W, et al. Molecular and pharmacological 
heterogeneity of ETV6::RUNX1 acute lymphoblastic leukemia. Nat 
Commun. 2025;16(1):1153.

	 23.	Petljak M, Dananberg A, Chu K, et al. Mechanisms of APOBEC3 
mutagenesis in human cancer cells. Nature.  
2022;607(7920):799-807.

	 24.	Terwilliger T, Abdul-Hay M. Acute lymphoblastic leukemia: a 
comprehensive review and 2017 update. Blood Cancer J. 
2017;7(6):e577.

	 25.	Sentís I, Gonzalez S, Genescà E, et al. The evolution of relapse of 
adult T cell acute lymphoblastic leukemia. Genome Biol. 
2020;21(1):284.

	 26.	Roberts KG. Genetics and prognosis of ALL in children vs adults. 
Hematology Am Soc Hematol Educ Program. 2018;2018(1):137-145.

	 27.	Iacobucci I, Mullighan CG. Genetic basis of acute lymphoblastic 
leukemia. J Clin Oncol. 2017;35(9):975-983.

	 28.	Pieters R, Mullighan CG, Hunger SP. Advancing diagnostics and 
therapy to reach universal cure in childhood ALL. J Clin Oncol. 
2023;41(36):5579-5591.

	 29.	Gökbuget N, Boissel N, Chiaretti S, et al. Management of ALL in 
adults: 2024 ELN recommendations from a European expert 
panel. Blood. 2024;143(19):1903-1930.

	 30.	van der Ham CG, Suurenbroek LC, Kleisman MM, et al. Mutational 
mechanisms in multiply relapsed pediatric acute lymphoblastic 
leukemia. Leukemia. 2024;38(11):2366-2375.

	 31.	Pich O, Muiños F, Lolkema MP, Steeghs N, Gonzalez-Perez A, 
Lopez-Bigas N. The mutational footprints of cancer therapies. 
Nat Genet. 2019;51(12):1732-1740.

	 32.	Schwartz JR, Ma J, Kamens J, et al. The acquisition of molecular 
drivers in pediatric therapy-related myeloid neoplasms. Nat 
Commun. 2021;12(1):985.

	 33.	Hunger SP, Mullighan CG. Acute lymphoblastic leukemia in 



Haematologica | 110 October 2025
2271

REVIEW ARTICLES - Treatment-related mutagenic processes in ALL  C.G. van der Ham et al.

children. N Engl J Med. 2015;373(16):1541-1552.
	 34.	Malard F, Mohty M. Acute lymphoblastic leukaemia. Lancet. 

2020;395(10230):1146-1162.
	 35.	Angiolillo AL, Schore RJ, Kairalla JA, et al. Excellent outcomes 

with reduced frequency of vincristine and dexamethasone pulses 
in standard-risk B-lymphoblastic leukemia: results from 
Children’s Oncology Group AALL0932. J Clin Oncol. 
2021;39(13):1437-1447.

	 36.	Pieters R, de Groot-Kruseman H, Fiocco M, et al. Improved 
outcome for ALL by prolonging therapy for IKZF1 deletion and 
decreasing therapy for other risk groups. J Clin Oncol. 
2023;41(25):4130-4142.

	 37.	Hurley LH. DNA and its associated processes as targets for 
cancer therapy. Nat Rev Cancer. 2002;2(3):188-200.

	 38.	Olivier M, Weninger A, Ardin M, et al. Modelling mutational 
landscapes of human cancers in vitro. Sci Rep. 2014;4(1):4482.

	 39.	Szikriszt B, Póti Á, Pipek O, et al. A comprehensive survey of the 
mutagenic impact of common cancer cytotoxics. Genome Biol. 
2016;17(1):99.

	 40.	Li B, Brady SW, Ma X, et al. Therapy-induced mutations drive the 
genomic landscape of relapsed acute lymphoblastic leukemia. 
Blood. 2020;135(1):41-55.

	 41.	Yang F, Brady SW, Tang C, et al. Chemotherapy and mismatch 
repair deficiency cooperate to fuel TP53 mutagenesis and ALL 
relapse. Nat Cancer. 2021;2(8):819-834.

	 42.	Zhao Y, Short NJ, Kantarjian HM, et al. Genomic determinants of 
response and resistance to inotuzumab ozogamicin in B-cell ALL. 
Blood. 2024;144(1):61-73.

	 43.	de Kanter JK, Peci F, Bertrums E, et al. Antiviral treatment causes 
a unique mutational signature in cancers of transplantation 
recipients. Cell Stem Cell. 2021;28(10):1726-1739.e6.

	 44.	Burchenal JH, Murphy ML, Ellison RR, et al. Clinical evaluation of 
a new antimetabolite, 6-mercaptopurine, in the treatment of 
leukemia and allied diseases. Blood. 1953;8(11):965-999.

	 45.	Kato M, Ishimaru S, Seki M, et al. Long-term outcome of 
6-month maintenance chemotherapy for acute lymphoblastic 
leukemia in children. Leukemia. 2017;31(3):580-584.

	 46.	Karran P, Attard N. Thiopurines in current medical practice: 
molecular mechanisms and contributions to therapy-related 
cancer. Nat Rev Cancer. 2008;8(1):24-36.

	 47.	Schmiegelow K, Nielsen SN, Frandsen TL, Nersting J. 
Mercaptopurine/methotrexate maintenance therapy of childhood 
acute lymphoblastic leukemia: clinical facts and fiction. J Pediatr 
Hematol Oncol. 2014;36(7):503-517.

	 48.	Toksvang LN, Lee SHR, Yang JJ, Schmiegelow K. Maintenance 
therapy for acute lymphoblastic leukemia: basic science and 
clinical translations. Leukemia. 2022;36(7):1749-1758.

	 49.	Swann PF, Waters TR, Moulton DC, et al. Role of postreplicative 
DNA mismatch repair in the cytotoxic action of thioguanine. 
Science. 1996;273(5278):1109-1111.

	 50.	Waters TR, Swann PF. Cytotoxic mechanism of 6-thioguanine: 
hMutSalpha, the human mismatch binding heterodimer, binds to 
DNA containing S6-methylthioguanine. Biochemistry. 
1997;36(9):2501-2506.

	 51.	De Bruyne R, Portmann B, Samyn M, et al. Chronic liver disease 
related to 6-thioguanine in children with acute lymphoblastic 
leukaemia. J Hepatol. 2006;44(2):407-410.

	 52.	Diouf B, Cheng Q, Krynetskaia NF, et al. Somatic deletions of 
genes regulating MSH2 protein stability cause DNA mismatch 
repair deficiency and drug resistance in human leukemia cells. 
Nat Med. 2011;17(10):1298-1303.

	 53.	Evensen NA, Madhusoodhan PP, Meyer J, et al. MSH6 
haploinsufficiency at relapse contributes to the development of 

thiopurine resistance in pediatric B-lymphoblastic leukemia. 
Haematologica. 2018;103(5):830-839.

	 54.	Teng J-Y, Yang D-P, Tang C, et al. Targeting DNA polymerase β 
elicits synthetic lethality with mismatch repair deficiency in 
acute lymphoblastic leukemia. Leukemia. 2023;37(6):1204-1215.

	 55.	Ma X, Edmonson M, Yergeau D, et al. Rise and fall of subclones 
from diagnosis to relapse in pediatric B-acute lymphoblastic 
leukaemia. Nat Commun. 2015;6(1):6604.

	 56.	Oshrine B, Grana N, Moore C, et al. B-cell acute lymphoblastic 
leukemia with high mutation burden presenting in a child with 
constitutional mismatch repair deficiency. Blood Adv. 
2019;3(12):1795-1798.

	 57.	Kato K, Yoshimi A, Ikenobe N, Kobayashi C, Koike K, Tsuchida M. 
Additional evidence of mismatch repair pathway as relapse-
specific alteration in B-cell precursor acute lymphoblastic 
leukemia: discovery of novel somatic mutation in MLH1 and 
establishment of new cell line with MLH1 mutation. Blood. 
2020;136(Suppl 1):10.

	 58.	Karran P. Thiopurines, DNA damage, DNA repair and therapy-
related cancer. Br Med Bull. 2006;79-80:153-170.

	 59.	Moore LD, Le T, Fan G. DNA methylation and its basic function. 
Neuropsychopharmacology. 2013;38(1):23-38.

	 60.	Schmiegelow K, Al-Modhwahi I, Andersen MK, et al. 
Methotrexate/6-mercaptopurine maintenance therapy influences 
the risk of a second malignant neoplasm after childhood acute 
lymphoblastic leukemia: results from the NOPHO ALL-92 study. 
Blood. 2009;113(24):6077-6084.

	 61.	Yoshida M, Nakabayashi K, Yang W, et al. NUDT15 variants confer 
high incidence of second malignancies in children with acute 
lymphoblastic leukemia. Blood Adv. 2021;5(23):5420-5428.

	 62.	Schwarz UI, Woldanski-Travaglini M, Swanston V, et al. Thiopurine 
methyltransferase intermediate metabolizer status and 
thiopurine-associated toxicity during maintenance therapy in 
childhood acute lymphoblastic leukemia. Clin Pharmacol Ther. 
2023;113(6):1326-1336.

	 63.	Ebbesen MS, Nersting J, Jacobsen JH, et al. Incorporation of 
6-thioguanine nucleotides into DNA during maintenance therapy 
of childhood acute lymphoblastic leukemia-the influence of 
thiopurine methyltransferase genotypes. J Clin Pharmacol. 
2013;53(6):670-674.

	 64.	Tzoneva G, Perez-Garcia A, Carpenter Z, et al. Activating 
mutations in the NT5C2 nucleotidase gene drive chemotherapy 
resistance in relapsed ALL. Nat Med. 2013;19(3):368-371.

	 65.	Meyer JA, Wang J, Hogan LE, et al. Relapse-specific mutations in 
NT5C2 in childhood acute lymphoblastic leukemia. Nat Genet. 
2013;45(3):290-294.

	 66.	Tzoneva G, Dieck CL, Oshima K, et al. Clonal evolution 
mechanisms in NT5C2 mutant-relapsed acute lymphoblastic 
leukaemia. Nature. 2018;553(7689):511-514.

	 67.	Li B, Li H, Bai Y, et al. Negative feedback-defective PRPS1 mutants 
drive thiopurine resistance in relapsed childhood ALL. Nat Med. 
2015;21(6):563-571.

	 68.	Song L, Li P, Sun H, et al. PRPS2 mutations drive acute 
lymphoblastic leukemia relapse through influencing PRPS1/2 
hexamer stability. Blood. Sci 2023;5(1):39-50.

	 69.	Nielsen SN, Grell K, Nersting J, et al. DNA-thioguanine nucleotide 
concentration and relapse-free survival during maintenance 
therapy of childhood acute lymphoblastic leukaemia (NOPHO 
ALL2008): a prospective substudy of a phase 3 trial. Lancet 
Oncol. 2017;18(4):515-524.

	 70.	Toksvang LN, Grell K, Nersting J, et al. DNA-thioguanine 
concentration and relapse risk in children and young adults with 
acute lymphoblastic leukemia: an IPD meta-analysis. Leukemia. 



Haematologica | 110 October 2025
2272

REVIEW ARTICLES - Treatment-related mutagenic processes in ALL  C.G. van der Ham et al.

2021;36(1):33-41.
	 71.	Larsen RH, Rank CU, Grell K, et al. Increments in DNA-

thioguanine level during thiopurine-enhanced maintenance 
therapy of acute lymphoblastic leukemia. Haematologica. 
2021;106(11):2824-2833.

	 72.	Toksvang LN, Als-Nielsen B, Bacon C, et al. Thiopurine Enhanced 
ALL Maintenance (TEAM): study protocol for a randomized study 
to evaluate the improvement in disease-free survival by adding 
very low dose 6-thioguanine to 6-mercaptopurine/methotrexate-
based maintenance therapy in pediatric and adult patients (0-45 
years) with newly diagnosed B-cell precursor or T-cell acute 
lymphoblastic leukemia treated according to the intermediate 
risk-high group of the ALLTogether1 protocol. BMC Cancer. 
2022;22(1):483.

	 73.	Bhojwani D, Pui C-H. Relapsed childhood acute lymphoblastic 
leukaemia. Lancet Oncol. 2013;14(6):e205-217.

	 74.	Fotoohi AK, Albertioni F. Mechanisms of antifolate resistance and 
methotrexate efficacy in leukemia cells. Leuk Lymphoma. 
2008;49(3):410-426.

	 75.	Rots MG, Pieters R, Peters GJ, et al. Role of folylpolyglutamate 
synthetase and folylpolyglutamate hydrolase in methotrexate 
accumulation and polyglutamylation in childhood leukemia. 
Blood. 1999;93(5):1677-1683.

	 76.	Liani E, Rothem L, Bunni MA, Smith CA, Jansen G, Assaraf YG. 
Loss of folylpoly-gamma-glutamate synthetase activity is a 
dominant mechanism of resistance to polyglutamylation-
dependent novel antifolates in multiple human leukemia 
sublines. Int J Cancer. 2003;103(5):587-599.

	 77.	Wojtuszkiewicz A, Peters GJ, van Woerden NL, et al. Methotrexate 
resistance in relation to treatment outcome in childhood acute 
lymphoblastic leukemia. J Hematol Oncol. 2015;8(1):61.

	 78.	Temko D, Tomlinson IPM, Severini S, Schuster-Böckler B, Graham 
TA. The effects of mutational processes and selection on driver 
mutations across cancer types. Nat Commun. 2018;9(1):1857.

	 79.	Brady SW, Ma X, Bahrami A, et al. The clonal evolution of 
metastatic osteosarcoma as shaped by cisplatin treatment. Mol 
Cancer Res. 2019;17(4):895-906.

	 80.	Wong JKL, Aichmüller C, Schulze M, et al. Association of 
mutation signature effectuating processes with mutation 
hotspots in driver genes and non-coding regions. Nat Commun. 
2022;13(1):178.

	 81.	Li X, Wang Y, Deng S, et al. Loss of SYNCRIP unleashes APOBEC-
driven mutagenesis, tumor heterogeneity, and AR-targeted 
therapy resistance in prostate cancer. Cancer Cell. 
2023;41(8):1427-1449.e12.

	 82.	Hof J, Krentz S, van Schewick C, et al. Mutations and deletions of 
the TP53 gene predict nonresponse to treatment and poor 
outcome in first relapse of childhood acute lymphoblastic 
leukemia. J Clin Oncol. 2011;29(23):3185-3193.

	 83.	Xiao H, Ding Y, Gao Y, et al. Haploinsufficiency of NR3C1 drives 
glucocorticoid resistance in adult acute lymphoblastic leukemia 
cells by down-regulating the mitochondrial apoptosis axis, and is 
sensitive to Bcl-2 blockage. Cancer Cell Int. 2019;19:218.

	 84.	Brown CA, Youlden DR, Aitken JF, Moore AS. Therapy-related 
acute myeloid leukemia following treatment for cancer in 
childhood: a population-based registry study. Pediatr Blood 
Cancer. 2018;65(12):e27410.

	 85.	Youlden DR, Baade PD, Green AC, Valery PC, Moore AS, Aitken JF. 
Second primary cancers in people who had cancer as children: 
an Australian Childhood Cancer Registry population-based study. 
Med J Aust. 2020;212(3):121-125.

	 86.	Bertrums EJM, de Kanter JK, Derks LLM, et al. Selective 
pressures of platinum compounds shape the evolution of 
therapy-related myeloid neoplasms. Nat Commun. 
2024;15(1):6025.

	 87.	Inaba H, Pui C-H. Immunotherapy in pediatric acute 
lymphoblastic leukemia. Cancer Metastasis Rev.  
2019;38(4):595-610.

	 88.	Kimura S, Mullighan CG. Molecular markers in ALL: clinical 
implications. Best Pract Res Clin Haematol. 2020;33(3):101193.

	 89.	McGranahan N, Swanton C. Clonal heterogeneity and tumor 
evolution: past, present, and the future. Cell.  
2017;168(4):613-628.

	 90.	Stengel A, Kern W, Haferlach T, Meggendorfer M, Fasan A, 
Haferlach C. The impact of TP53 mutations and TP53 deletions 
on survival varies between AML, ALL, MDS and CLL: an analysis 
of 3307 cases. Leukemia. 2017;31(3):705-711.

	 91.	Aronson M, Colas C, Shuen A, et al. Diagnostic criteria for 
constitutional mismatch repair deficiency (CMMRD): 
recommendations from the international consensus working 
group. J Med Genet. 2022;59(4):318-327.

	 92.	Wimmer K, Kratz CP, Vasen HFA, et al. Diagnostic criteria for 
constitutional mismatch repair deficiency syndrome: suggestions 
of the European consortium “care for CMMRD” (C4CMMRD). J 
Med Genet. 2014;51(6):355-365.

	 93.	Ripperger T, Schlegelberger B. Acute lymphoblastic leukemia and 
lymphoma in the context of constitutional mismatch repair 
deficiency syndrome. Eur J Med Genet. 2016;59(3):133-142.

	 94.	Tabori U, Hansford JR, Achatz MI, et al. Clinical management and 
tumor surveillance recommendations of inherited mismatch 
repair deficiency in childhood. Clin Cancer Res. 
2017;23(11):e32-e37.

	 95.	Walter AW, Ennis S, Best H, et al. Constitutional mismatch repair 
deficiency presenting in childhood as three simultaneous 
malignancies: constitutional mismatch repair deficiency in 
childhood. Pediatr Blood Cancer. 2013;60(11):E135-136.

	 96.	Vasen HFA, Ghorbanoghli Z, Bourdeaut F, et al. Guidelines for 
surveillance of individuals with constitutional mismatch repair-
deficiency proposed by the European Consortium “Care for 
CMMR-D” (C4CMMR-D). J Med Genet. 2014;51(5):283-293.

	 97.	Pollack IF, Hamilton RL, Sobol RW, et al. Mismatch repair 
deficiency is an uncommon mechanism of alkylator resistance in 
pediatric malignant gliomas: a report from the Children’s 
Oncology Group. Pediatr Blood Cancer. 2010;55(6):1066-1071.

	 98.	Macintyre G, Goranova TE, De Silva D, et al. Copy number 
signatures and mutational processes in ovarian carcinoma. Nat 
Genet. 2018;50(9):1262-1270.

	 99.	Steele CD, Abbasi A, Islam SMA, et al. Signatures of copy number 
alterations in human cancer. Nature. 2022;606(7916):984-991.

	100. Funnell T, Zhang AW, Grewal D, et al. Integrated structural 
variation and point mutation signatures in cancer genomes using 
correlated topic models. PLoS Comput Biol. 2019;15(2):e1006799.

	101. Li Y, Roberts ND, Wala JA, et al. Patterns of somatic structural 
variation in human cancer genomes. Nature.  
2020;578(7793):112-121.

	102. Everall A, Tapinos A, Hawari A, et al. Comprehensive repertoire of 
the chromosomal alteration and mutational signatures across 16 
cancer types from 10,983 cancer patients. medRxiv. 2023 Jun 10. 
doi: 10.1101/2023.06.07.23290970 [preprint, not peer-reviewed].

	103. Martínez-Ruiz C, Black JRM, Puttick C, et al. Genomic-
transcriptomic evolution in lung cancer and metastasis. Nature. 
2023;616(7957):543-552.




