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ABSTRACT

Relapsed precursor T-cell acute lymphoblastic leukemia is characterized by resistance against chemotherapy and is
frequently fatal. We aimed at understanding the molecular mechanisms resulting in relapse of T-cell acute lym-
phoblastic leukemia and analyzed 13 patients at first diagnosis, remission and relapse by whole exome sequencing,
targeted ultra-deep sequencing, multiplex ligation dependent probe amplification and DNA methylation array.
Compared to primary T-cell acute lymphoblastic leukemia, in relapse the number of single nucleotide variants and
small insertions and deletions approximately doubled from 11.5 to 26. Targeted ultra-deep sequencing sensitively
detected subclones that were selected for in relapse. The mutational pattern defined two types of relapses. While
both are characterized by selection of subclones and acquisition of novel mutations, ‘type 1’ relapse derives from
the primary leukemia whereas ‘type 2’ relapse originates from a common pre-leukemic ancestor. Relapse-specific
changes included activation of the nucleotidase NTSC2 resulting in resistance to chemotherapy and mutations of
epigenetic modulators, exemplified by SUZ12, WHSC1 and SMARCA4. While mutations present in primary
leukemia and in relapse were enriched for known drivers of leukemia, relapse-specific changes revealed an associ-
ation with general cancer-promoting mechanisms. This study thus identifies mechanisms that drive progression of
pediatric T-cell acute lymphoblastic leukemia to relapse and may explain the characteristic treatment resistance of

this condition.

Introduction

T-cell acute lymphoblastic leukemia (T-ALL) is an aggres-
sive malignancy of thymocytes that accounts for about 15%
of pediatric acute lymphoblastic leukemias' and can be cured
in approximately 80% of affected children*® However,
relapsed T-ALL is highly resistant to chemotherapy** and
patients who experience a relapse face a dismal prognosis.” In
B-cell precursor (BCP)-ALL, integrated genomic analysis iden-
tified relapse-specific signatures of gene expression, somatic
copy number alterations (CNA) and promoter methylation.””
Similar observations in relapsed T-ALL are scarce: gene
expression analysis revealed that relapsed T-ALL is character-
ized by a gene response pattern that is also found in early, but
not in late relapse of BCP-ALL.° Genome-wide analysis in
relapsed T-ALL, in contrast to relapsed BCP-ALL, found simi-

lar numbers of CNA as those in matched samples taken dur-
ing the primary disease.” While DNA methylation in T-ALL
has been shown to differ from that in BCP-ALL," systematic
comparisons of DNA methylation between primary and
relapsed T-ALL are not available. Evolution into relapsed T-
ALL has been attributed to clonal selection, because relapse-
specific rearrangements of the T-cell receptor were back-
tracked to primary disease' and because leukemic cells from
primary disease can develop into a clone resembling relapsed
disease after transfer into immunodeficient mice.” Rarely, late
relapse of T-ALL represents a true secondary leukemia,
whereby an underlying genetic predisposition could be docu-
mented in at least one patient.”

To obtain a more comprehensive picture of the evolution of
T-ALL from primary disease to relapse we performed an inte-
grated genomic analysis of 13 patients with T-ALL, who were
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analyzed at the time of primary diagnosis, during remis-
sion and at relapse.

Methods

Patients’ clinical characteristics

Patients were treated according to ALL-BEM 2000 or related
frontline protocols (INS-89, INS-98," IC*). One patient was aged
18 at diagnosis, all others were children or adolescents. The 13
patients (Table 1) were recruited between 1993 and 2007 from the
ALL-REZ BFM 2002 trials (patients T-ALL-H-A61, -E114, -F110, -
KI17, -MDA40, -T92, -T128) or from Schneider Children's Medical
Center of Israel, Petah Tikva, Israel (patients T-ALL-H-S00169, -
S00207, -S00285, -S00438, -S00456, -S00472) and selected on the
basis of sufficient material being available from the time points of
first diagnosis, remission and relapse. Minimal residual disease
(MRD) response was assessed as described previously*® (Online
Supplementary Table S3).

This study was approved by the institutional review boards of
the Charité Universitdtsmedizin Berlin and the Medical Faculty
Heidelberg. Informed consent was obtained in accordance with
the Declaration of Helsinki.

Exome capture, target capture and lllumina sequencing

The Agilent SureSelect Target Enrichment Kit (Agilent, Santa
Clara, CA, USA; vendor’s protocol version 2.0.1) was used to cap-
ture all human exons for sequencing. The HaloPlex Target
Enrichment Kit (Agilent, Santa Clara, CA, USA; vendor’s protocol
version D.5, May 2013) was used according to the manufacturer’s
instructions. The starting material consisted of 225 ng of genomic
DNA. The captured fragments were sequenced as 100 bp paired

Table 1. Clinical characteristics of the 13 T-ALL patients analyzed.

reads using an Illumina HiSeq instrument (Illumina, San Diego,
CA, USA).

Analysis of whole exome sequencing and targeted
ultra-deep sequencing data

The analysis of sequencing data is detailed in the Online
Supplementary Methods.

DNA methylation analysis using 450k BeadChip arrays

Genomic DNA (200 ng) was bisulfite-converted using
the EZ DNA Methylation Gold Kit (Zymo Research,
Irvine, CA, USA). The Infinium methylation assay
(lllumina) was carried out as previously described.” Data
from the 450k Human Methylation Array were normal-
ized by the Beta Mixture Quantile (BMIQ) method" using
the RnBeads analysis software package.”

Multiplex ligation dependent probe amplification
Multiplex ligation dependent probe amplification
(MLPA) was done using the MRC Holland (Amsterdam,
The Netherlands) SALSA MLPA probe mix P383-A1 T-
ALL according to the manufacturer’s instructions.
Polymerase chain reaction products were separated by
capillary electrophoresis on an ABI-3130XL device; the
size standard was GeneScan 500-250 (Applied
Biosystems).  Coffalyser software, available at
http://www.mlpa.com, was used for the analyses.

Integrated analysis
In order to evaluate functions that were altered by
mutation or DNA methylation at relapse, Ingenuity

A61 E114 F110 Ki17 MD40 T128  S00169 S00207 S00285 S00438 S00456 S00472
Gender M M M F M M M F F M M M
Age at diagnosis 11 1 2 5 4 35 2 44 5.5 9.6 18 12 92
(years)
Time to relapse 15 29 11 7 29 14 47 6.0 17.1 25.1 16.7 16.6 104
(months)
White blood cell count 256 112 803 2.1 157 83 202 92 83 74 4 465 167
at diagnosis (x107L)
Cell source in relapse ~ BM BM PB BM BM BM BM BM BM BM BM BM BM
Blast count 72 98 73 80 59 85 83 unknown unknown unknown unknown 80 83
in relapse (%)
Immune phenotype* cortical ~ mature pre mature  cortical  cortical  cortical pre mature  mature cortical  cortical pre
Remission sample
time point (weeks 12 12 12 12 12 12 12 11 54 83 21 5 24
after diagnosis)
MRD level in remission  10* 10* neg 10 neg neg neg na. na. na. na. na. na.
Risk group MR HR HR HR MR MR HR HR HR MR MR HR HR
in primary disease
Treatment protocol**  ALL- ALL- ALL- ALL- ALL- ALL- ALL- INS-89 INS-89 INS-98 IC IC IC
BFM 2000 BFM 2000 BFM2000 BFM 2000 BFM2000 BFM2000 BFM 2000
Outcome died died died died  CCRafter diedin CCR died died died died died died
SCT  subsequent after
4. relapse SCT

* Pro/Pre (cyCD3", CD7"/ cyCD3", CD2* and/or CD5"*and/or CD8"), cortical (CDIa*), mature (CDIa, sCD3"). cyCD3": cytoplasmic CD3", sCD3": surface CD3. ** ALL-BFM 2000%; INS 89 protocol based
on ALL-BFM 86790, 1989-1998%; INS 98 protocol based on ALL-BFM 95, 1998-2003; and ALL Intercontinental (IC) - BFM 200315, 2003-2005. M. male; F: female; BM: bone marrow; PB: peripheral

blood; neg: negative; n.a.: not available; MR: medium risk; HR: high risk; CCR: continuous complete remission; SCT: stem cell transplantation.
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Pathway Analysis (IPA, Version 21249400; Qiagen,
Redwood City, CA, USA) was used. For details refer to the
Ounline Supplementary Methods.

Results

Relapsed T-cell acute lymphoblastic leukemia acquires
single nucleotide variants and small insertions and
deletions

We performed whole exome sampling (WES) of DNA
samples obtained from 13 patients (see Table 1 for clinical
characteristics) at the time of first diagnosis, during remis-
sion and at relapse, and identified a total of 340 somatic sin-
gle nucleotide variants (SNV) and 53 small insertions and
deletions (InDels; Online Supplementary Table S1). On aver-
age, each leukemia specimen carried 11.5 (SD 7.0) somatic
SNV and InDels at first diagnosis and 26.0 (SD 26.6) somatic
SNV and InDels at the time of relapse — suggesting ongoing
evolution of the major clone or of minor subclones. Only 85
of 126 SNV and 14 of 23 InDels present at the time of first
diagnosis could also be detected in the corresponding
relapse sample, indicating that the (treatment-related) erad-
ication of leukemic clones contributes to the evolution of
relapse. We defined a mutation as “relapse-specific” if it was
detected by WES or MLPA in a relapse sample, but not in
the corresponding primary leukemia sample from the same
patient. This could include mutations that were detected in
the primary leukemia of other patients.

Comparing all mutations in primary disease to those in
relapse, no significant difference in the types of single
nucleotide exchanges and in the ratio of transversions and
transitions was identified (Online Supplementary Figure
S1A). However, mutations at the central position of the
trinucleotides TCA and GCT were significantly more fre-
quent among relapse-specific SNV than in primary
leukemia (Online Supplementary Figure S1B,C), consistent
with a contribution of cytarabine to the acquisition of
mutations during treatment.”

Somatic copy number alterations can represent
subclonal, “late” events

We used MLPA in order to identify CNA in genes com-
monly altered in T-ALL. On average, 3.5 CNA were
detected in each primary leukemia sample and 3.2 in each
relapse sample, whereas 2.7 CNA were detected in both
samples from the same patient (Online Supplementary Table
S2). Most commonly, we found deletions of the
CDKN2A/B locus™ on chromosome 9q (all patients), fol-
lowed by microdeletions within the LEF1 gene” (6/13
patients), amplification of the AMYB gene™* (4/13
patients), deletions of the PTEN gene®™* (3/13 patients)
and homozygous deletions of the PTPN2 gene” (2/13
patients). Thirty-five of the 45 CNA that were identified
in primary disease were preserved in relapse, a proportion
comparable to the corresponding numbers of SNV and
InDels. In four patients, CNA found to be lost in relapse
affected the CDKNZ2A, LEF1 or PTEN genes, indicating
that the deletion of these tumor suppressors can be a late
event during leukemogenesis. Although several CNA
(deletions of SUZ12, LEF1, PTEN, CASPSAP2; amplifica-
tion of MYB) were specific for relapse in individual
patients, none of these was specific for relapse in more
than one patient or significantly enriched in either primary
disease or relapse.

Targeted ultra-deep sequencing detects rare subclones

In order to track the clonal evolution of the relapses, we
performed targeted ultra-deep sequencing of all mutations
that had previously been identified by WES using the
HaloPlex target capture (Agilent). Allele frequencies
inferred by HaloPlex were highly reproducible (Online
Supplementary Figure S2A) and corresponded well to allele
frequencies inferred by WES (Online Supplementary Figure
S2B). We analyzed whether HaloPlex reflected the fre-
quencies of rare alleles by measuring the signals in serial
dilutions. This analysis indicated that the allele frequency
is highly correlated with the dilution (r=0.91). With
increasing dilution and decreasing allele frequencies the
accuracy of quantification of allele frequencies dropped
because mutant reads were overrepresented (Online
Supplementary Figure S2C). Rare alleles were identified by
comparing allele frequencies in the sample of interest with
a reference pool consisting of healthy control DNA and
unrelated leukemia samples. This technique sensitively
detected alleles with a frequency in the range of 0.01 and
below: 91% of leukemia-specific SNV were detected after
diluting leukemia DNA in control DNA at a ratio of 107,
26% were detected in a dilution of 10® and 3% in a dilu-
tion of 10* The rate of SNV that were detected as false
positives in samples from patients who never carried the
respective SNV was 1.8% (Online Supplementary Figure
S2D), indicating that the detection of a significant propor-
tion of mutant reads by HaloPlex is a reliable qualitative
indicator of a small subclone carrying the mutation of
interest. The greatest sensitivity of detection was achieved
for insertions of more than one nucleotide. For example, in
patient’s S00169 remission sample two reads carrying a
specific 9 bp insertion in the NOTCH1 gene among 43,567
total reads covering this region indicated persistent MRD
in the order of 10* (Online Supplementary Table S6).

In ten of 18 patients we found at least one SNV that had
developed from a rare (<0.05) subclonal allele in primary
disease to a major clonal allele in relapse (Ounline
Supplementary Table S5). Of the 211 SNV and 30 InDels
which were found in the major clone exclusively in
relapse by WES, 45 and nine, respectively, were detected
ata low allele frequency already in primary disease (Online
Supplementary Table S7). The average allele frequency for
such relapse-specific mutations found to be subclonal in
primary leukemia was 0.006 (range, 0.0002-0.036). Fifty-
five SNV and InDels present in the major clone at primary
disease had been lost during the transition to relapse.
Fifty-four of these 55 mutations were not detected even in
minor clones at the time of relapse, indicating that these
clones were eradicated fully or at least to a level below the
sensitivity of the HaloPlex analysis.

In ten of 13 of the first disease/relapse pairs a DNA sam-
ple obtained at the time of remission (for 7 patients, MRD
level from the same sample was available and < 107, Table
1) was also available for ultra-deep sequencing. In these
samples we searched for the presence of SNV that had
been detected in the same patient at the time of either pri-
mary disease or relapse. In six patients (T-ALL-H-E114, -
MD40, -KI17, -S00169, -S00285, -S00472) we detected a
total of 52 (range, 1 — 21) SNV or InDels, which were sig-
nificantly more abundant in the remission samples than in
the reference consisting of the average of all samples from
healthy controls and from patients who never carried the
respective SNV of interest (Online Supplementary Table S6).
Allele frequencies in remission samples ranged between
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0.00005 and 0.0095. By comparison with a dilution series  found in the corresponding relapse sample with an allele
of leukemia samples in healthy DNA we estimate that frequency in the range of 0.13 to 0.91. Thirteen mutations
these allele frequencies correspond to a frequency of that were detectable in remission were already found in a
leukemic cells of 0.0001 to 0.01 (1:10,000 — 1:100), consis-  major clone (allele frequency 0.22-0.93) at primary disease,
tent with the MRD levels that were available (Table 1). All  and an additional ten SNV were detected in primary dis-
of the mutations detected in remission samples were also  ease samples at low allele frequencies (range, 0.0003 —
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0.0120). Twenty-six SNV that were detected in remission
were not detected in the corresponding primary disease
sample with a sensitivity of 0.01 or higher. We propose
that these 26 SNV may have originated from a mutational
event during treatment, although clonal selection starting
from a very small subclone present at initial diagnosis can-
not be ruled out.

In all 13 patients a minimal set of common genetic
changes (at least one concordant MRD marker, Online
Supplementary Table S3, or at least six concordant SNV and
InDels, Figure 1) were found in both the primary leukemia
and relapse samples, which indicated that all relapses
were bona fide recurrences of the leukemia and not a sec-
ond, unrelated neoplasm (as has previously been described
in a small proportion of relapsed patients based on the
identification of discordant MRD markers®). By analyzing
allele frequency plots, we can distinguish two types of
relapse: type 1 and type 2. Type 1 relapse, observed in six
of 13 patients (Figure 1A,B), contained all mutations that
were already detectable at the time of primary leukemia.
This type of relapse developed either from a major sub-
clone or from a smaller subclone that had acquired addi-
tional mutations late in the process of leukemogenesis. In
type 2 relapse, observed in the remaining seven patients,
mutations that had been present in the major clone in pri-
mary leukemia were lost at relapse (Figure 1C,D). Here,
relapse developed from an ancestral pre-leukemic clone
that had already diverged into distinguishable subclones at
an early time point prior to the initial diagnosis. In both
types of relapse, clonal selection and acquisition of novel
mutations contributed to the mutational load. Type 1
showed a trend to be more frequent in early relapses (time
to relapse <24 months; P=0.07, see Online Supplementary
Figure S3 for a logistic regression model) and in Israeli and
Palestinian patients (P=0.029, Table 2).

The example of mutations in the nucleotidase NT5C2
illustrates the genetic plasticity of T-ALL. NT5C2 muta-
tions were identified in five of 13 relapse samples (R367Q
in patients A61, S00207, 500285, T92; D407Y in patient
T92; P414S in S00456; Online Supplementary Tables S1 and
55%). R367Q has been shown to activate the nucleotidase
activity of NTSC2 and to confer resistance against nucleo-
side analogs.”” In two patients, an NT5C2 mutation was
already detected in primary disease samples at low allele
frequency (A61: D407Y, allele frequency 0.3%; S00456:
P414S, allele frequency 0.1%). While patient S00456 car-
ried the same mutation in the corresponding relapse sam-
ple, patient A61 lost the D407Y mutation and acquired the
R367Q mutation. NT5C2 mutations were clonal in three
relapses, but subclonal in two other relapse samples
(S00207: allele frequency 0.1; T92: allele frequencies 0.41
for R367Q and 0.09 for D407Y). This is compatible with
the notion that acquisition of resistance to chemotherapy
by NT5C2 activation can be a late, not-initiating event on
the way to relapse.

Patient E114 demonstrated that the evolution of the
relapse-specific clone from a pre-leukemic ancestor may
be facilitated by intensive induction treatment of the pri-
mary leukemia. In this patient, two preserved MRD mark-
ers confirmed the relationship between primary leukemia
and relapse. In addition, targeted ultra-deep sequencing
identified five mutations that had been present at a sub-
clonal level in primary disease, persisted in remission and
became predominant in relapse (Figure 1C, Online
Supplementary Tables S6 and S7). Already in the remission

sample, which was taken immediately after induction
treatment had been completed, 16 newly acquired muta-
tions were detected and later predominated at relapse
(Online Supplementary Table S6). During the 2 years of
remission before relapse occurred, only five more muta-
tions accumulated. Interestingly, although MLPA identi-
fied deletion of CDKN2A/B and amplification of AMYB in
the primary disease sample of this patient (Online
Supplementary Table S2), none of them was conserved
between primary disease and relapse, indicating that in
this specific leukemia these copy number variants were
probably not the initiating event in leukemogenesis.

Relapse-specific alterations in T-acute lymphoblastic
leukemia do not show association with leukemogene-
sis, but with cancerogenesis in general

In nine of 13 patients we identified relapse-specific
mutations that, based on current knowledge, are likely to
contribute to the evolution of relapse (Table 3). Besides
known mechanisms of leukemogenesis in T-ALL such as
NOTCH-activation or MYB-amplification, the most com-
mon alterations were mutations activating the nucleoti-
dase NT5C2 and mutations in epigenetic modifiers, such
as WHSC1, SUZ12, SMARCA4, ARID4B and USP7.

In order to obtain an unsupervised view of the contribu-
tion of mutations to relapse we investigated whether the
genetic alterations that are specific for relapse can be
linked to certain biological functions. To this end, we
grouped genetic alterations, which had been detected
either by WES or by MLPA, according to the time points
at which they were found. Using Ingenuity Pathway
Analysis (IPA) software, genes that were mutated or delet-
ed in the major clones at both times, primary leukemia

Table 2. Type of relapse is associated with treatment and with time to
relapse.

Type of relapse
type 1 type 2 P

Gender

male 5 5

female 1 2 1
Age (years)

<9 3 5

>9 3 2 0.59
Time to relapse
(months)

<24 6 3

>24 0 4 0.07
WBC at diagnosis (x10%/L)

<100 4 2

>100 2 5 0.29
Risk group in primary disease

medium risk 2 3

high risk 4 4 1.0
Protocol

ALL BFM 2000 1 6

INS89, INS98, IC 5 1 0.029
Outcome

dead 6 5

alive 0 2 0.46

Fatients having suffered from either type 1 or type 2 relapse were categorized according
to clinical characteristics. P: Fisher exact test.



and relapse, were compared to those genes that were
found to be mutated or deleted in the major clone at
relapse but not in the corresponding primary leukemia
(Online Supplementary Table S8).

Using genes altered both in primary leukemia and in
relapse, IPA constructed a dense network involving the
nodes NOTCH, IL7R, MTOR, GATA3 and AKT, reflecting
the frequent occurrence of somatic DNA alterations in
established leukemia drivers in this gene set (Online
Supplementary Figure S4A; Table 4). In contrast, the genes
that were mutated in a relapse-specific way showed simi-
larities to gene lists typically carrying somatic mutations in
gastrointestinal and other cancers, but not leukemia
(Online Supplementary Figure S4B; Table 4). These findings
suggest that relapsed T-ALL share a profile of mutations
with non-hematologic cancers. Among genes that were
mutated in a relapse-specific manner, we did not observe
a strong enrichment of canonical pathways (minimal
P=0.003 for actin cytoskeleton signaling).

Hypermutation caused by somatic DNA repair deficiency
can contribute to genetic instability in relapsed T-cell
acute lymphoblastic leukemia

Patient S00285 carried a moderate number of eight
mutations in primary disease, but an extraordinarily high
number of 106 mutations in relapse, many of which were
subclonal (Online Supplementary Tables S1 and S5). One of
the 102 relapse-specific mutations affected the BLA gene.
While this mutation was not present at the time of pri-
mary disease, it was the most abundant newly acquired
mutation in remission and present in the main clone at
relapse. BLM codes for a RecQ DNA helicase and is
required for DNA replication and DNA repair. Inactivating
germline mutations in BLM cause Bloom syndrome, a
recessively inherited tumor predisposition syndrome

Table 3. Mutational mechanisms likely contributing to relapse.

(OMIM #210900). The K39N mutation observed in this
patient is predicted to be damaging by PolyPhen® and like-
ly caused a somatic DNA-repair defect, resulting in the
accumulation of a large number of mostly subclonal muta-
tions during treatment.

Hypomethylated promoters in relapsed T-cell acute
lymphoblastic leukemia do not show association with
leukemogenesis, but with cancerogenesis in general

We used Illumina 450k arrays to compare DNA methy-
lation in relapse samples to that in the corresponding pri-
mary T-ALL samples. In contrast to the situation in
relapsed BCP-ALL,’ the average degree of methylation in
relapse did not differ from average methylation in primary
leukemia (Figure 2A, r=0.996). When primary disease and
relapse samples from individual patients were compared,
both hypo- and hypermethylation of promoters in relapse
could be observed (Figure 2B).

In order to identify promoters that may undergo differ-
ential methylation in relapse, we filtered for promoters
that: (i) were represented on the 450k array by at least
three different probes; (i) had a gene symbol assigned; and
(iii) had a decrease or an increase of the B-value of at least
0.2 in absolute numbers in at least three different patients.
According to these criteria, a total of 239 promoters were
recurrently hypermethylated and 579 promoters recur-
rently hypomethylated in relapse. The lists of hyper- and
hypomethylated promoters (Online Supplementary Table
58) were subjected to IPA. The association of hyperme-
thylated promoters with diseases and functions reached
marginal significance for one functional category only
(P=6.62" for “development of neurons”). In contrast,
hypomethylated promoters, similar to the mutations
specifically found in relapse, showed highly significant
associations with different types of cancer, namely

Gene Alteration Evidence for subclonality Mechanism
in primary leukemia

A61 NT5C2 NM_012229:exon15:¢.1100G>A:p.R367Q no Chemotherapy resistance®*
El14 FBXW7 NM_018315:exon8:c.1147A>G:p.T383A no NOTCH] activation®#

NOTCHI NM_017617:exon26:c.4775T>C:p.F1592S no NOTCHI activation®

WT1 NM_001198552:exon6:c.423_424insT:p.R141fs no WT1 inactivation*

SUZi12 Heterozygous deletion chr 17q11.2 no PRC2 inactivation®
T92 NT5C2 NM_012229:exon17:¢.1219G>T:p.D40TY no Chemotherapy resistance™*
500169 WHSCI NM_133330:ex0n20:¢.3295G>A:p.E1099K no Histone methylation®*
500207 SMARCA4 NM_001128847:exon19:¢.2896C>T:p.R966W yes Chromatin remodeling*
500285 BLM NM_000057:exon3:c.117G>T:p.K39N no DNA repair defect”

Uspr NM_003470:exon15:c.1663C>T:p.R555W no DNA methylation®

ARID4B Frameshift by deletion

NM_001206794:Exon7:c.420_423delAATA:p.N141Efs*32 no Chromatin remodeling”

NT5C2 NM_012229:exon15:¢.1100G>A:p.R367Q no Chemotherapy resistance®*
500438 JAK3 NM_000215:exon11:c.1533G>A:p.M5111 yes JAK3 activation®

NOTCHI NM_017617:exon26:c.4811_4820delinsTCCCTCACGCTTGAGG:  no NOTCHI activation®

p.V1605Pfs*4

500456 NT5C2 NM_012229:exon16:c.1240G>A:p.P4145 yes Chemotherapy resistance®*
S00472 NOTCHI NM_017617:exon34:c.7524_7534delCTTCCTCACCC:p.F2509Vis*  no NOTCH] activation®**

MYB Amplification chr 6q23.3 no Oncogenic transcription factor

For each patient, relapse-specific mutations or CNA are listed that, according to published evidence, are likely to contribute to leukemogenesis or to emergence of relapse. No such

mutations were observed in patients KI17, MD40 and T128.
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Table 4. Ingenuity Pathway Analysis.
Genes mutated in major clone of

primary leukemia and of relapse (n=145)
P

Genes mutated in relapse
only (n=182)

Recurrently hypomethylated
promoters (n=579)

Disease or function Disease or function Disease or function

T-cell leukemia 2.26E-18 adenocarcinoma 4.25E-14 melanoma 6.89E-15
Precursor T-cell 5.56E-18 colorectal carcinoma 1.16E-11 endometrium tumor 1.92E-09
lymphoblastic leukemia-lymphoma

Acute lymphocytic leukemia 9.77E-18 gastrointestinal adenocarcinoma  1.29E-11 morphology of nervous system 2.29E-09
Melanoma 4.10E-15 colon carcinoma 1.39E-11  endometrial cancer 3.04E-09
Acute leukemia 1.23E-13 gastrointestinal carcinoma 2.02E-11 endometrioid carcinoma 4.20E-09
Lymphoproliferative disorder 2.30E-13 colon cancer 3.31E-11 development of central nervous system 4.54E-09
Leukemia 2.55E-13 malignant solid tumor 425E-11  adenocarcinoma in endometrium 5.18E-09
Hematologic cancer 5.06E-13 melanoma 1.22E-10  development of body axis 1.05E-08
Bone marrow cancer 7.87E-13 gastrointestinal neoplasia 1.27E-10  uterine cancer 1.42E-08
Lymphocytic leukemia 8.54E-13 gastrointestinal tract cancer 1.39E-10  synaptic transmission 1.67E-08

Genes that were found to be mutated or deleted by WES or MLPA both in primary disease and in relapse (n=145), genes that were found to be mutated or deleted by WES or MLPA
only in relapse (n=182) and promoters that were found to be hypomethylated in at least three patients (n=579) were subjected to Ingenuity Pathway Analysis for associated func-
tions and diseases (see Online Supplementary Table S8). The ten most significant associations are reported.

melanoma (P=6.89x10") and endometrial carcinoma
(P=1.92x10"; Table 4). We did not observe a strong enrich-
ment of canonical pathways (minimal P=0.003 for gluta-
mate receptor signaling) among promoters that were
hypomethyled in a relapse-specific manner. Although the
lack of RNA samples precludes an analysis of a correlation
between methylation and gene expression data, our
results show that DNA methylation changes may cooper-
ate with mutational events in driving T-ALL relapse.

Discussion

By applying a deep coverage target enrichment tech-
nique to sensitively and quantitatively detect rare muta-
tions in primary disease, remission and relapse of pediatric
T-ALL, we distinguish between relapses arising from the
major clone of the primary leukemia (type 1) and relapses
arising from a pre-leukemic ancestral clone (type 2). In
both types, selection of subclones and acquisition of novel
mutations contributed to clonal evolution. Similar obser-
vations have been made before for BCP-leukemia®” and
for acute myeloid leukemia.” The size of the subclones
that later gave rise to relapse can be estimated to range
between 1:100 and 1:1,000 of the primary leukemia in our
series. The association of type 1 relapse with a short dura-
tion of remission may intuitively be explained by a rela-
tive resistance of the primary leukemia to treatment. The
more frequent occurrence of type 1 relapses in the
Israeli/Palestinian group of patients is unlikely to be relat-
ed to differences of treatment, because the protocols used
in Israel and in Germany are very similar and give compa-
rable overall results.”"

More than three-quarters (187 of 241) of relapse-specific
mutations could not be detected in primary disease sam-
ples despite a sensitivity of detection that exceeded 1:100
for most mutations. The mutational load during relapse is
more than doubled compared to that during primary
leukemia, suggesting that mutations are truly acquired de
novo during treatment and/or during remission. Relapse-
specific patterns of mutations attributed to chemotherapy
have been described by others.”””" Comparing relapse-spe-

cific mutations to mutations in primary leukemia, we
found a significant increase in single nucleotide exchanges
at the central position of the trinucleotide sequence TCA,
a mutational signature that has been attributed to the
mutagenic effects of cytarabine.” However, the overall
mutational pattern changed only slightly in relapse, indi-
cating that the contribution of chemotherapy to the acqui-
sition of mutations may be minor in this cohort of
patients.

The leukemia that acquired a BLAM mutation during
treatment was of particular interest. This mutation first
appeared at the time of remission and was clonal at the
time of relapse. The presence of this mutation was associ-
ated with an unusually high number of mostly subclonal
relapse-specific mutations, indicating that acquired muta-
tions of DNA repair genes may result in somatic hypermu-
tation during the clonal evolution of T-ALL. While hap-
loinsufficiency is not evident in heterozygous carriers of
germline BLA mutations,™® the effect of somatic BLM
mutations in the context of leukemia may be amplified by
mutagenic stress induced by chemotherapy.

While the genetic alterations shared by primary
leukemia and relapse are, as expected, enriched in genes
that are known to be implicated in leukemogenesis,**”*
the genes that we specifically found to be mutated in T-
ALL relapse are not enriched for leukemia-specific genes.
Relapse-specific genes are more closely related to other
cancer types, implying that relapsed T-ALL, in addition to
the genetic repertoire required to induce leukemia in T
cells, have acquired properties that are linked to cancer in a
less specific sense. Potentially, these genes contain a previ-
ously unrecognized category of genes that are specific for
T-ALL relapses. These observations suggest that the type
of malignancy is determined by the early genetic changes
of the normal hematopoietic precursor and that the pro-
gression may be driven by more general abnormalities of
carcinogenesis. These progression-related changes may
also explain the clinical observation that relapsed T-ALL is
frequently refractory to leukemia-directed chemotherapy.

An analysis of the 450k methylome data revealed that,
in contrast to BCP-ALL,® overall DNA methylation levels
in T-ALL hardly differ between primary leukemia and
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Figure 2. Methylation analysis identifies promoter specific hypomethylation in relapsed T-ALL. (3 values in relapse were plotted over {3 values
in primary leukemia in scatter plots. (A) Average {3 values (single sites) of all patients analyzed. (B) The 3 value for each promoter in relapse
was compared to that in primary leukemia. Promoters with a 3 value in relapse that was at least 0.2 higher than in primary leukemia were
considered to be hypermethylated. Promoters with a (3 value in relapse that was at least 0.2 lower than in primary leukemia were considered
to be hypomethylated. Only promoters of those genes for which at least one gene symbol is assigned and which are represented by at least

three probes on the 450k array are represented here.

relapse. However, a set of promoters was found to be
recurrently hypomethylated in relapse compared to pri-
mary disease. This set contains many genes related to can-
cer, albeit not specifically involved in leukemogenesis. The
correlation between DNA methylation and RNA abun-
dance could not be analyzed due to lack of RNA samples.
However, a strong inverse correlation between promoter
methylation and RNA expression has been described
before in ALL.*" Hence, both relapse-specific mutations
and changes of the DNA methylome are consistent with
the activation of additional oncogenic mechanisms in
relapsed T-ALL.

The importance of epigenetic changes is specifically
highlighted by the findings in patient S00169 (Figure 1A,
Ounline Supplementary Table S1), who suffered from a very
early relapse and in whom the only detectable mutational
difference between primary leukemia and relapse was the
acquisition of the activating mutation E1099K in the
H3K36 histone methyl transferase WHSC1. This hotspot
mutation has been recurrently reported in mantle cell lym-
phoma® and in pediatric BCP-ALL** and results in cellular
transformation.® The emergence of a clone carrying the
WHSC1 E1099K mutation may have been sufficient to
induce early relapse in this patient.

The only gene that was recurrently mutated in a relapse-
specific manner was NT5C2,” partially explaining the rel-
ative success in the use of nelarabine, which is not a sub-
strate for NT5C2, in T-ALL relapse.” In our small series of
patients, no other mutation was recurrent and many muta-
tions present in the primary leukemia were lost in relapse.
The application of novel, targeted therapies to patients with

relapsed T-ALL will, therefore, likely require a thorough
genetic characterization of relapse-specific targets.

In conclusion, the data presented here identify two mol-
ecularly defined types of relapse in pediatric T-ALL and
implicate the selection of subclones, the acquisition of novel
somatic mutations and the hypomethylation of promoters
as mechanisms driving the progression of T-ALL from pri-
mary disease to relapse. It is noteworthy that the relapse-
specific alterations tend to activate general mechanisms of
carcinogenesis rather than known leukemia-specific drivers.
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