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Abstract

Background Deletions and partial losses of chromosome 7 (chr7) are frequent in acute myeloid leukemia (AML)
and are linked to dismal outcome. However, the genomic landscape and prognostic impact of concomitant genetic
aberrations remain incompletely understood.

Methods To discover genetic lesions in adult AML patients with aberrations of chromosome 7 [abn(7)], 60 paired
diagnostic/remission samples were investigated by whole-exome sequencing in the exploration cohort. Subse-
quently, a gene panel including 66 genes and a SNP backbone for copy-number variation detection was designed
and applied to the remaining samples of the validation cohort. In total, 519 patients were investigated, of which 415
received intensive induction treatment, typically containing a combination of cytarabine and anthracyclines.

Results In the exploration cohort, the most frequently mutated gene was TP53 (33%), followed by epigenetic
regulators (DNMT3A, KMT2C, IDH2) and signaling genes (NRAS, PTPN11). Thirty percent of 519 patients harbored > 1
mutation in genes located in commonly deleted regions of chr7—most frequently affecting KMT2C (16%) and EZH2
(10%). KMT2C mutations were often subclonal and enriched in patients with del(7q), de novo or core-binding fac-

tor AML (45%). Cancer cell fraction analysis and reconstruction of mutation acquisition identified TP53 mutations

as mainly disease-initiating events, while del(7q) or —7 appeared as subclonal events in one-third of cases. Multivari-
able analysis identified five genetic lesions with significant prognostic impact in intensively treated AML patients

with abn(7). Mutations in TP53 and PTPNT1 (11%) showed the strongest association with worse overall survival (OS,
TP53: hazard ratio [HR], 2.53 [95% Cl 1.66-3.86]; P<0.001; PTPNT1: HR, 2.24 [95% Cl 1.56-3.22]; P<0.001) and relapse-
free survival (RFS, TP53: HR, 2.3 [95% Cl 1.25-4.26]; P=0.008; PTPN11: HR, 2.32 [95% Cl 1.33-4.04]; P=0.003). By contrast,
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IDH2-mutated patients (9%) displayed prolonged OS (HR, 0.51 [95% CI 0.30-0.88]; P=0.0015) and durable responses

(RFS: HR, 0.5 [95% CI 0.26-0.96]; P=0.036).

Conclusion This work unraveled formerly underestimated genetic lesions and provides a comprehensive overview
of the spectrum of recurrent gene mutations and their clinical relevance in AML with abn(7). KMT2C mutations are
among the most frequent gene mutations in this heterogeneous AML subgroup and warrant further functional

investigation.

Keywords AML, del(7q), Monosomy 7, Complex karyotype, KMT2C, TP53, IDH2, PTPNT1

Introduction
Acute myeloid leukemia (AML) is characterized by
aberrant proliferation of hematopoietic progenitor cells
in the bone marrow, leading to suppression of normal
hematopoiesis [1]. Chromosomal aberrations and gene
mutations play a pivotal role during leukemogenesis
and are essential for risk stratification and personal-
ized treatment approaches [2, 3]. Aberrations of chro-
mosome 7 [abn(7)], for which the DNA sequence and
annotation were only described two decades ago[4], are
common and found in~10% of newly diagnosed AML
[5, 6]. The most common abn(7) include complete loss
of chromosome 7 [monosomy 7, (—7)] and deletions of
the long arm of chromosome 7 [del(7q)] [7]. Both fre-
quently appear in the context of a complex karyotype
(CK) [6, 8], which is an established poor prognostic
factor [2, 3]. Outside a CK, the current 2022 ELN risk
classification assigns only —7 to the adverse risk cat-
egory, while del(7q), in the absence of additional good
or adverse genetic markers, belongs to the intermediate
risk group [3]. With respect to co-occurring gene muta-
tions, only a few studies have systematically investi-
gated the landscape and clinical impact of concomitant
aberrations in AML with abn(7) [9-12]. However, TP53
mutations frequently occur in AML with abn(7), espe-
cially in cases with CK, and are associated with dis-
mal prognosis [13, 14]. TP53-status has been recently
included as a new disease category in the International
Consensus Classification of Myeloid Neoplasms and
Acute Leukemias (ICC) [15].

Four commonly deleted regions (CDR) in chromosome
7 (chr7) have been reported: 7q21.2, 7q22.1, 7q34, and
7q35-36.1 [16]. These regions encode for several genes
with a well-established functional role in hematopoie-
sis and are recurrent targets of somatic mutations in
various hematologic malignancies such as EZH2, BRAF,
or SAMD9 [17-22]. For example, mutations affect-
ing EZH?2 have been reported in up to 30% of follicular
lymphoma and 5-10% of myelodysplastic syndromes,
chronic myelomonocytic leukemia, and AML [2, 18, 23—
25]. Also, deregulated mRNA expression of genes within
these CDRs has been aligned with patient outcome,
e.g., altered expression of the methyltransferase MLL5/

KMT2E, located on chr7q22.3, associates with poor
prognosis [26].

To date, studies focusing on AML with abn(7) were
showing limitations regarding cohort size, sequencing
technologies applied, and cohort heterogeneity, often
investigating a wide variety of myeloid neoplasms with
abn(7) precluding generalization for AML [9, 10, 12].

Therefore, we embarked on a comprehensive study to
decipher the genomic landscape of AML with abn(7) in
a large international cohort of 519 adult AML patients
using a combination of whole-exome (WES) and targeted
sequencing (TS). This workflow enabled the detection of
previously underestimated somatic mutations and copy
number variations (CNV) and allowed for the identifica-
tion of genetic markers important for further risk refine-
ment in this specific AML subgroup.

Methods

Patients

A total of 519 samples (bone marrow or peripheral blood)
from first diagnosis of adult AML patients with abn(7)
were collected from collaborating study groups in France,
Germany, the Netherlands, Spain, Taiwan, and the
United Kingdom. Patients had a median age of 59 years
(range 15-89 years). For 60 patients, complete remission
(CR) samples were used as non-tumor controls. Baseline
karyotype information was obtained through conven-
tional karyotyping at diagnosis. 225 patients (43%) had a
chr7 aberration in the context of a CK (Fig. 1). Among
the 294 patients without a CK (non-CK), 125 patients
showed a —7 (—7sole) and 69 patients a deletion of 7q as
sole aberrations [del(7q)sole]. Eighty percent of patients
(n=415) received intensive induction treatment, typi-
cally containing a combination of cytarabine and anthra-
cyclines (“7+3”). Fifty-three percent of patients were
treated within prospective trials of participating study
groups. Furthermore, 33% of patients underwent alloge-
neic hematopoietic stem cell transplantation (allo-HSCT)
in first CR (CR1, n=124) or as salvage (n=44) therapy.
The characteristics and therapy specifications of patients
are shown in Table 1 and supplemental Dataset 1. Writ-
ten consent was obtained from all patients according to
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Fig. 1 Classification of the abn(7) cohort according to cytogenetic characteristics. Depiction of the classification of abn(7) patients into different
groups according to the karyotype information available (n=519). The first level separates a group of abn(7) samples with complex karyotype (CK)
from the non-CK cases. A second division separates non-CK cases and CK cases according to the presence of monosomy 7 (=7/non-CK or —7/CK)
or the presence of a del(7q) [del(7g)/non-CK or del(7q)/CK]. A group of samples not fitting these definitions was not included (other/non-CK, n=10
or other/CK, n=19). A third division separates samples by the presence or absence of another cytogenetic alteration in addition to the abnormality
detected in abn(7)/non-CK. Samples with an accompanying alteration (non-complex karyotype non-sole, non-CKns) and samples with only a chr7

aberration (sole)

the Declaration of Helsinki, and the local ethics commit-
tee granted ethical approval.

Whole-exome sequencing in the abn(7) exploration cohort
Analysis of single nucleotide variations, mutation signatures,
and copy number variations from WES

Paired first diagnosis/CR samples were available from 60
patients for explorative mutation analysis through WES.
Samples were prepared using the SureSelect XT-HS
exome and SureSelect Human All Exon v7 library prepa-
ration kits (Agilent Technologies, Santa Clara, CA, USA).
Sequencing was performed at the Genomic Core facility
of the Berlin Institute of Health (BIH) on the NovaSeq
6000 platform (Illumina, San Diego, CA) with a median

coverage of 211-fold. We used a detection cut-off for
variant allele frequency (VAF) of>5%. Called variants
were filtered thoroughly as described previously [27-29].
Analysis of mutational signatures and variant filtering are
specified in the supplemental methods.

Targeted sequencing in the abn(7) extension cohort

Panel design and analysis of single nucleotide variations
using TS

Based on our WES-results, literature research, and data
from additional AML cases with abn(7) from the Can-
cer Genome Atlas database (TCGA) [2], we designed
a unique gene panel covering 66 genes (Table S1)
and genomic regions frequently affected by CNVs. A
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Table 1 Patient characteristics of the abn(7) cohort

Baseline patient
characteristics

All patients, n=519

Intensively
treated patients,
n=415

Sex
Female
Male
Age (years)
Median (IQR)
AML type
De novo
Secondary
Therapy-related
Missing data
ELN risk category [3]
Favorable
Intermediate
Adverse
Missing data
WBC at diagnosis (/nL)
Median (IQR)
Missing data
Blast count at diagnosis (%)
Median (IQR)
Missing data
Platelets at diagnosis (/nL)
Median (IQR)
Missing data
Hemoglobin at diagnosis (g/dL)
Median (IQR)
Missing data
Intensive treatment
Yes
No
Missing data
Complete remission
Yes
No
Missing data
Allo-HSCT
In CR1
Non-CR1/Salvage
Unknown timepoint
No
Missing data
Treatment within trial
Yes
No
Missing data

233 (45%)
286 (55%)

59 (47,69)

404 (78%)
75 (14%)
39 (7%)
1(<1%)

11 (2%)
31 (6%)
475 (92%)
2(<1%)

9(3,30)
14(3%)

55(33,80)
46 (9%)

47 (24, 96)
49 (9%)

85(7.15,9.7)
108 (21%)

415 (80%)
100 (19%)
4(1%)

268 (52%)
249 (48%)
2(<1%)

126 (24%)
38 (7%)

6 (1%)
301 (58%)
48 (9%)

276 (53%)
239 (46%)
4(1%)

189 (46%)
226 (54%)

55 (44, 64)

336 (81%)
47 (11%)
31 (7%)
1(<1%)

11 (3%)
24 (6%)
378 (91%)
2(<1%)

9(3,30)
9(2%)

58(37,82)
31(7%)

52(24,102)
43 (10%)

85(7.1,9.9)
102 (24%)

415 (100%)

253 (61%)
160 (39%)
2(<1%)

123 (30%)
34 (8%)

6 (1%)
208 (50%)
44.(11%)

275 (66%)
139 (34%)
1(<1%)

Baseline characteristics of the whole (n=519) and intensively treated
(n=415) abn(7) patient cohort. Continuous variables are given with a median
(interquartile range, IQR), and discrete variables are provided with no. (%).

CR1 =first complete remission
Italic values indicate missing data
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single nucleotide polymorphism (SNP)-backbone of 1217
probes was included to identify CNVs (supplemental
dataset 2).

TS was performed on 467 diagnostic samples (=exten-
sion cohort) using a customized Twist Bioscience Gene
Panel (Twist Bioscience, San Francisco, CA, USA). Sam-
ples were prepared with the Twist Bioscience Custom
Prep Kits with unique molecular identifiers for error cor-
rection following the manufacturer’s protocol. Sequenc-
ing was performed using a NovaSeq 6000-Sequencer
(Ilumina, San Diego, CA, USA) at the BIH Core Facility,
with a mean coverage of 532-fold. Variants were called
using an in-house pipeline [27] with a VAF cut-off at >2%
after rigorous filtering criteria for quality and clinical
scores (supplemental Methods, Figure S1).

Analysis of copy number variations from TS

Data obtained from the SNP-backbone was used to
estimate copy number (CN) and B-allele-frequencies
(BAF) for CNV and copy-neutral loss of heterozygosity
(cnLOH) determination using the PureCN R-package
[30]. For correction of assay-specific capture biases, we
used 19 pooled healthy control samples. We restricted
the analysis to samples with a ploidy between 1.5-3N. An
alteration was considered a gain for log(CN)>0.4 and a
deletion with log(CN)<— 0.3. Upon curation, 342 sam-
ples passed our quality criteria, ensuring high reproduc-
ibility of the presented data. Manual curation was done
to merge continuous segments and to rule out disagree-
ments with BAF. We pursued internal validations (sup-
plemental Methods) by calculation of CNV agreements
with G-Banding information and with matching samples
sequenced by long-read Oxford Nanopore Technology
(n=33, ONTseq, as previously described) [31] along with
comparisons with WES-CNV-results.

Cancer cell fraction analysis and Bradley-Terry model

To unravel clonal hierarchies, we calculated cancer cell
fractions (CCF) for mutations and CNVs from WES data
as previously described [32]. To investigate the timing
and order of mutation acquisition, we used similar calcu-
lations of CCFs [33] based on the PureCN algorithm data
for the extension cohort. We applied a Bradley—Terry
Model with pairwise comparison of the highest CCFs of a
gene-sample pair for samples with available single nucle-
otide variant (SNV)/CNV/cnLOH data as previously
reported[27] (supplemental Methods).

Statistical and survival analysis

All statistical analyses were performed using R statis-
tical software packages (supplemental Methods). For
survival analyses, only intensively treated patients were
considered (n=415) to ensure comparability and avoid
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potential treatment bias. The definitions of CR, overall
survival (OS), and relapse-free survival (RFS) followed
the recommended criteria [3]. Kaplan—Meier analysis
was used to create survival curves. Log-rank tests were
applied to evaluate differences between groups and were
considered statistically significant if P<0.05. Univariate
and multivariable Cox proportional hazards models were
used to investigate the association of variables for OS and
RES. The Cox proportionality assumption was guaran-
teed for all reported results.

Results

The genomic landscape of AML with abn(7)

Explorative WES of 60 paired diagnostic/CR samples
revealed a total of 932 SNVs in 742 individual genes
(median 12 SNVs/patient, supplemental dataset 3).
Among these, we found 207 mutations in 59 genes
known to be recurrently mutated in AML with a median
of 2 mutated genes per patient. The most frequently
mutated gene was TP53 (30%), followed by NFI (20%),
RUNXI (20%), and DNMT3A (18.3%; Fig. 2A). Genes
involved in epigenetic regulation were mutated in
58.3% of our exploration cohort and included DNMT3A
(18.3%), ASXLI (11.7%), TET2 (11.7%), IDH2 (10%),
KMT2C (10%), EZH2 (8.3%), and IDHI (8.3%, Fig. 2A).
Of note, belonging to the group of genes located in the
CDRs of chr7, KMT2C, and EZH2 showed a high muta-
tion frequency.

To dissect biological processes that result in the accu-
mulation of somatic alterations during leukemogenesis,
we investigated mutational signatures in our exploration
cohort. One signature was extracted (Sig-A), which had
high cosine similarities to SBS1/SBS5 in COSMIC (0.939)
and SBS1/SBSblood in normal blood cells (0.945, Fig. 2B).
The SBS1 and SBS5 (SBSblood) are age-related endoge-
nous mutational signatures and have been reported as the
predominant signatures in AML and myeloproliferative

(See figure on next page.)
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neoplasms [34] as well as in normal hematopoietic stem
and progenitor cells [35].

Using TS in the extension cohort of 467 AML sam-
ples, we identified 1821 SNVs in 64 genes (median 3
SNVs/patient; Figure S2A, supplemental dataset 4). At
least one gene mutation was detected in 452/467 inves-
tigated samples (96.7%). Consistent with our WES
results, the most frequently mutated gene was TP53
(33.4%), followed by DNMT3A (18%), RUNXI (16.7%),
KMT2C (16.7%), ASXL1 (16.3%), NRAS (14.3%), TET?2
(12.8%), PTPN11 (11.1%), EZH2 (10.3%) and IDH2 (9.4%)
(Fig. 2C, Figure S2B). Mutations affecting genes of the
splicing machinery (e.g. SRSF2 and U2AFI) were found
in 25% of patients, while CHIP (clonal hematopoiesis of
indeterminate potential)-associated gene mutations in
ASXL1, DNMT3A, and TET2 [36, 37] were found in 40%
of patients and associated with older age, as expected
(P<0.001). Of note, the high prevalence of KMT2C muta-
tions found by WES was confirmed by TS (16.7%). In
78 patients a total of 98 KMT2C mutations were found
with a median VAF of 5% (Fig. 3A, Figure S3A). 27% of
mutations were indel or splice site alterations and spread
over the entire coding region, while missense mutations
showed a hotspot affecting codon A1685 (n=15). This
particular mutation (COSV51390875) has been mainly
reported as somatic in various cancer entities, includ-
ing non-Hodgkin lymphoma [22, 38, 39]. Although we
could not independently confirm the somatic origin due
to lack of non-tumor tissue, the observed subclonality
of KMT2C A1685S mutations made a germline origin
unlikely (Figure S3B). Of note, this particular KMT2C
variant was not detected in the exploration cohort. 79%
of the KMT2C-mutated patients harbored a concomitant
deletion in the KMT2C locus (Fig. 3B). KMT2C muta-
tions were enriched in patients with core-binding factor
(CBF) AML [45%, inv(16): n=3/8, and t(8;21): n=2/3]
but not in patients with a inv(3)/t(3;3) [14.8%, 4/27,

Fig. 2 Mutations and SBS signatures found by WES and Targeted Sequencing in the abn(7) exploration and extension cohorts. A Bar graph
showing the frequency of mutations identified by WES in patients (n=60) per gene for genes mutated in > 2 patients. Bars colored dark blue
signify genes of particular importance due to high mutation frequency or previously underestimated prevalence in AML. The fraction of mutated
patients per gene is shown above each bar (%). B The graph shows the mutational profile extracted from WES, which represents the two main
signatures of most samples from the exploration cohort. Sig-A had high cosine similarities to the signatures reconstituted from the components
that expectation maximization extracted SBS1/SBS5 in COSMIC (0.939) and SBS1/SBSblood in normal blood cells (0.945)[34, 35]. The bars represent
the relative contributions of clustered genome-wide substitutions (SBS, y-axis) for each 96 trinucleotide sequences (x-axis) and distributed

across the six possible cytosine or thymine bases substitutions. C Oncoplot showing mutations found in 43 of the 64 genes included in the TS gene
panel in 452 patients of the extension cohort (n=467 patients). According to baseline karyotype information, patients were segregated into two
major groups: abn(7)/non-complex karyotype (non-CK, grey) or abn(7)/complex karyotype (CK, red). The marks on the top rows correspond

to patients classified by cytogenetic information into having —7 (dark blue) or del(7q) (yellow). FLT3 includes all FLT3 alterations. *In the TS panel,
only exons 28-38 of NF1 were investigated. The left bar plot shows the frequency (%) of mutated patients per gene. On the right side, a boxplot
shows the statistical difference between the number of mutations found for these groups, median 4 versus 2 respectively for abn(7)/non-CK

versus abn(7)/CK (two-tailed t test, n=467, ****P<(0.0001)
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Fig. 3 Frequent low allele-burden mutations in KMT2C in AML with abn(7). A Lollipop plot depicts the localization and frequency of each
KMT2C variant (n=98, in 78/467 patients, from KMT2C refSeq NM_170606.3). Distribution in the context of Pfam domains was adapted

from MutationMapper from cbioportal [64, 65] with information on the overlap of mutations to a statistically significant hotspot in cancer [66]
or to reports of functional effects in the oncology knowledge base OncokKB™ [67, 68]. Color codes were used to distinguish types of observed
mutations: 72 missense (blue), 16 truncating (red), 4 inframe (yellow), and 6 alterations affecting splice sites (light blue). B Frequency distribution
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in the multivariate model color-coded by abn(7) group [-7, green; del(7q), grey]. To the right, logOR with confidence intervals of 95%, Cl, and P

values are shown
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Table S2]. KMT2C-mutated patients were significantly
associated with de novo AML (P=0.039), whereas muta-
tions in splicing factor genes, SRSF2 and U2AFI, were
significantly enriched in secondary AML (sAML; respec-
tively P=0.011 and P=0.02 in the multivariate analy-
sis, Fig. 3D, Figure S4A). Furthermore, we found both
KMT2C and FLT3 mutations to be significantly enriched
in del(7q) patients (P=0.04 and P=0.003 respectively,
Fig. 3E), while patients with —7 were enriched for
RUNXI and PTPNI11 mutations (P=0.006 and P=0.027
respectively; Fig. 3E, Figure S4B). A similar association
was also observed for FLT3 and KMT2C mutations when
comparing del(7q)/CK to —7/CK patients (P=0.052 and
P=0.065 respectively, Figure S5).

Additionally, we identified unexpected recurrent muta-
tions in SETBPI (7.7%), FATI, and TACC2 (6.4% each),
and a considerable low frequency of NPM1 (2.4%), the
latter usually occurring in roughly 30% of adult AML
cases [2]. TACC2 belongs to a conserved family of cen-
trosome- and microtubule-interacting proteins and has
been reported as a putative tumor suppressor in breast
cancer [40, 41].

A significantly lower number of mutations was found in
patients with abn(7)/CK as compared to abn(7) patients
without CK (non-CK; median number of mutations/
patient 2 vs. 4, P<0.0001, Fig. 2C). We noted significant
enrichment of TP53 and FATI mutations in patients
with CK, while mutations affecting IDHI, IDH2, CBL,
and RUNX1 were predominantly found in non-CK cases
(Figure S6). 30% of abn(7) patients (n=140) harbored at
least one mutation in genes located within the CDRs of
7q, most frequently in KMT2C (16.7%), EZH2 (10.3%),
and CUX1I (4.7%, Figure S7A). While the highest frequen-
cies of EZH2 mutations were observed in patients with
non-CK, KMT2C mutations were particularly enriched
in del(7q)/CK patients (Figure S7B).

Within the non-CK group, we identified specific muta-
tional patterns for —7 and del(7q). We found higher fre-
quencies of KRAS and RUNX1 mutations in —7/non-CK
patients and more frequent FLT3-mutations in del(7q)/
non-CK cases (Figure S8). These mutational patterns
were also confirmed in patients with —7 and del(7q) as
sole aberrations (Figure S9). Next, we searched for pair-
wise gene associations to identify patterns of mutation
co-occurrence or mutual exclusivity. We confirmed sev-
eral significant co-occurrences reported in other AML
subgroups and related myeloid malignancies, such as
DNMT3A/IDH1 and BCOR/BCORLI1 [2, 42-44]. With
respect to mutual-exclusivity, TP53 mutations occurred
exclusive of most other known AML mutations (Fig-
ure S10). Furthermore, exclusivities for SRSF2/EZH?2
and previously reported TET2/IDHI1/2 [45] were found.
We noted a trend for mutual exclusivity for KMT2C
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mutations with JAK2 (P=0.008, FDR=0.042), ASXLI
(P=0.009, FDR=0.046) and DNMT3A mutations
(P=0.029, FDR=0.12).

These data collectively indicate that distinct muta-
tion profiles can be observed in patients with abn(7) and
depend on both type of deletion (complete versus partial)
and concurrent cytogenetic aberrations.

Concomitant copy number variations in AML patients

with abn(7)

Based on conventional karyotyping techniques (e.g.,
G-banding, FISH probing), 63% of the cohort had —7 and
32% del(7q). The remaining patients (5%) had various
chr7 aberrations [e.g., iso(7p), r(7), add(7)]. Many addi-
tional cytogenetic aberrations were reported. The
five most common were deletions affecting chr5 [-5/
del(5q)=28%], chrl7 [—17/del(17p)/del(17q)=14.6%],
chr18 [—18/del(18p)/del(18q)=10.2%], chrl6 [-16/
del(16q) =8.1%], and gains of chr8 [+ 8/add(8q) =9.8%].

In the extension cohort, high-quality CNV data was
generated for 342 of 467 patients (73%, supplemental
datasets 5,6). TS-based CNV analysis revealed a high
concordance with WES-CNYV data and with the five most
frequent aberrations detected by conventional karyotyp-
ing, assuming the standard limit of detection for G-band-
ing of >10 Mb (Table S3, Figure S11-12A,B).

Using TS-based CNV analysis, we identified a sub-
stantial number of genomic loci targeted by focal dele-
tions/gains (<10 Mb) that were missed by conventional
G-banding due to its lower resolution. These focal
events were most frequently observed as deletions in
chr17p/q, chrl2q, chr21q, and chr4q or gains in chrl1p/q
(Fig. 4A). In agreement with a recent study in TP53-
mutated AML[46], most of these focal deletions affect
known AML genes (Figure S12C, Table S4) such as TP53
(chr17p13.1, 8.5%), NFI (chr17qll.2, 6.1%), or ETV6
(chr12p13.2, 5.3%, Figure S13). Furthermore, we noted
several previously underappreciated small CNVs: gains
of KMT2A (chrllq, 5%), U2AF1 (chr2lq, 2.9%), and
BCL11B (chrl4q, 2%), and deletions of RUNXI (chr21q,
3.5%) and TET2 (chr4dq, 2.6%). ONTseq confirmed the
presence of these focal CNVs in randomly chosen cases
(Figure S14, Table S3). In fact, when comparing the pres-
ence of TS-based CNVs affecting chr17, we noted that 11
out of 78 patients (14% of patients) had no chrl7 abnor-
mality reported by conventional karyotyping and showed
focal deletions affecting P53 and/or NF1I.

Collectively, these data showed the detection advan-
tages of  next-generation-sequencing-(NGS)-based
karyotyping versus conventional G-banding, as a high
proportion of CNVs fell below the limit of detection
through G-banding (Table S4). Furthermore, genomic
regions enriched for CNVs were also common targets
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of somatic mutations in AML with abn(7), suggesting
genetic convergence through CNVs and SNVs, a phe-
nomenon typical for tumor suppressor genes.

Commonly deleted regions of chromosome 7 and clonal
trajectories of genomic alterations in AML with abn(7)
Previously, four CDRs of chr7q have been defined using
SNP-arrays, FISH, and mCGH-assays [16]. In our study,
small focal deletions affecting chr7q were found in 17
patients (5%), predominantly in CDR2 (3.5%) and CDR4
(1.2%, Fig. 4B, Table S5). The most common focal dele-
tions affected chr7:q21.2-q36.3 (n=31) or chr7:q22.1-
q36.3 (n=26); the vast majority resulted from two
recurrent breakpoints at the beginning of CDR1 or CDR2
and reached the telomere (Fig. 4B). Next, we investigated
whether the chr7-CDRs showed differences in concur-
rent CNVs by co-occurrence and mutual-exclusivity
analysis (Figure S15). Patients with the most frequent
focal del(7q)(chr7:q21.2—q36.3) were mutually exclu-
sive to deletions affecting chr7p (P=0.05, FDR=0.07),
chr17p13.3—p13.1 (region spanning TP53-locus, n=19)
and chr17q11.2 (region spanning NFI-locus, n=16). This
focal del(7q) was instead correlated with gains affecting
chr3q26.2—q29 encoding the MECOM/EVII-locus (Fig-
ure S15).

To investigate the clonality and timing of genomic aber-
rations, we applied two complementary approaches. First,
CCF analysis was performed to assign CN'Vs and SN'Vs to
(sub-)clonality using our WES-data (n =60, supplemental
dataset 7). CCF revealed that deletions of chr 3, 5, and
17p were mainly clonal events, suggesting their role as
disease-founding aberrations. Interestingly, del(7q) and
—7 were subclonal in one-third of cases and thus might
appear as both an early and late event in leukemogenesis
(Fig. 5A). Regarding the main abn(7) groups, —7/CK, =7/
non-CK, del(7q)/CK, and del(7q)/non-CK, —7 appeared
more often as clonal (88%) in —7/CK cases, while in the
other three groups, the clonality of —7 and del(7q) is
more evenly distributed (Figure S16). Second, our TS-
based Bradley—Terry model revealed that mutations in
splicing genes, in TP53, and in CHIP-associated genes
(DNMT3A and TET?2) were likely initiating events in the
development of AML with abn(7). In contrast, mutations

(See figure on next page.)
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in genes involved in RAS- and Tyrosine-kinase-signaling,
such as KRAS, NRAS, and KIT, were consistently ranked
among the later events. Notably, except for TP53, muta-
tions in the genomic regions frequently targeted by both
CNVs and SNVs (e.g., ETV6, KMT2C) occurred at later
stages of leukemogenesis (Fig. 5B).

Survival analyses and clinico-biological correlations

of abn(7) AML

Survival data were available for 518 patients. The median
follow-up time for patients alive was 25 months (range,
0.2-160 months), with a median OS for all patients
of 10.4 months. Due to therapeutic heterogeneity, we
restricted subsequent survival analyses for clinico-bio-
logical correlations to intensively treated patients only
(n=415, Table 1). In the intensively treated cohort, the
median OS was 11.9 months. While 61% of patients
reached CR, the relapse rate was high at 67%.

Kaplan—Meier survival analyses revealed signifi-
cant differences in RFS between all main abn(7) groups
[del(7q)/non-CK, —7/non-CK, del(7q)/CK, and -7/
CK], except for —7/non-CK versus del(7q)/CK patients
(P=0.72), which seem to have comparable outcomes
(Fig. 6A). For OS, the results were similar (Fig. 6B).
Focusing on —7/non-CK versus del(7q)/non-CK patients,
RES was significantly inferior in —7/non-CK patients
(P=0.048, Fig. 6A), with a trend toward an inferior OS
in this patient group (P=0.081, Fig. 6B). When looking
at abn(7) as sole abnormalities, we found no differences
in survival endpoints between —7sole and del(7q)sole
patients (Figure S17).

To evaluate the prognostic importance of clinical and
genetic variables on survival and response parameters
for patients with abn(7), ten variables with a significance
level of P<0.1 in univariate were included in multivari-
ate analyses (Table 2 and Table S6). We found older age
(>median, 59 years) and higher white blood cell counts
(WBC>median (9/nL) to be significant clinical predic-
tors of worse OS (HR, 1.4 [95% CI 1.1-1.8], P=0.007
and HR, 1.69, [95% CI 1.32-2.16], P<0.001, respec-
tively, Table 2A), and RFS (HR, 1.47, [95% CI 1.04-2.09],
P=0.030 and HR, 2.23, [95% CI 1.58-3.15], P<0.001,
respectively, Table 2B). Furthermore, we identified

Fig. 4 Positions and proportions of CNVs detected by TS. A Barplot illustrates the distribution of all 1376 manually curated CNVs derived from TS

in the extension cohort (n=342). Chromosomal CNVs spanning one arm or a whole chromosome are depicted on the left of each x-axis, while focal
SNVs are shown to the right of the x-axis (according to arrows). The number of patients with a specific aberration is depicted according to the size
of the event (yellow: large CNVs > 10 Mb; red: small CNVs < 10 Mb). Chromosome 7 is displayed in blue. B To the right, genomic positions of chr7
covered by CNVs (deletions in blue, gains in red) identified in 188 AML patients (x-axis, excluding 154 cases with monosomy 7). Marked commonly
deleted regions (CDRs)1-4 are adapted from Baeten et al. [16]. Potential genes of interest and their genomic positions are shown to the right.

To the left, the frequency of deletions across the chromosome and recurrent breakpoint clusters, with the respective number of times a specific
breakpoint occurred as a starting (black) or ending point of a CNV segment (red), are shown
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TP53abn (=mutations and/or deletions of the TP53
locus) and PTPNI1Imut as the strongest genomic pre-

CNVs in abn(7) Patients

HR, 2.24, [95% CI 1.56-3.22], both P<0.001, Table 2A,
Figure SI18A,B) and RFS (HR, 2.3, [95% CI 1.25-4.26],

dictors of inferior OS (HR, 2.53, [95% CI 1.66-3.86], and ~ P=0.008 and HR, 2.32, [95% CI 1.33-4.04], P=0.003,
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respectively, Table 2B). The presence of a CK showed no
significant influence on survival endpoints, likely due to
its close association with the T'/P53abn status. Concerning
response to therapy, we found TP53abn and PTPNIImut
to associate with an inferior CR rate (OR, 0.44, [95% CI
0.21-0.92], P=0.03 and OR, 0.45, [95% CI 0.23-0.88],
P=0.02, Table S6).

Of note, IDH2mut was associated with better OS and
RFS in our cohort (OS: HR, 0.51, [95% CI 0.3-0.88],
P=0.015, and RFS: HR, 0.5, [95% CI 0.26-0.96], P=0.036,
Table 2, Figure S18C,D), and with a higher CR rate (OR,
3.5, [95% CI 1.38-10.78], P=0.01, Table S6). While allo-
HSCT in CR1 generally improved OS and RES in this
cohort, IDH2mut patients showed an exceptional benefit
from allo-HSCT in CR1 (Figure S19A-D). For KMT2C-
mut versus wild type (wt) patients, we detected no differ-
ences in clinical endpoints (Figure S20, Table S7). In fact,
mutations in any of the most frequently affected genes
located in the CDRs of chr7 (Figure S7A) did not influ-
ence survival endpoints (data not shown).

Focusing on TP53 and CK-status, abn(7) patients with
TP53wt/CK showed similar probabilities of OS and RFS
compared with TP53wt/non-CK patients, further indi-
cating that CK-status provided no TP53abn-independent
prognostic information (Figure S21).

According to its proposed impact on survival in mye-
loid malignancies [47], we investigated the effect of TP53
allelic status. Applying the current ICC-definition for
TP53 multi-hit status [15], we discovered that the major-
ity of TP53abn patients belonged to the TP53 multi-hit
category (79%, Figure S22). Of note, in our cohort, there
was no significant difference in survival between patients
belonging to the TP53 single-versus multi-hit category.

Discussion

In this study, we deciphered the genomic landscape of
adult AML with abn(7), including concomitant somatic
and structural variants and their potential influence on
prognosis in a large international cohort of 519 patients
using a two-step NGS approach. As expected, for a large
proportion of our patients, the chr7 aberration was
embedded in a CK (43%), and CK-status was strongly
associated with TP53 abnormalities (P<0.001) [10,

(See figure on next page.)
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48-50]. Accordingly, TP53 showed the highest mutation
frequency (33%), and TP53mut appeared mostly mutu-
ally exclusive to other known gene mutations, further
underscoring its importance in the current ICC-classifi-
cation [15].

As a novel finding, we identified a high frequency
of mutations in KMT2C (16.7%). KMT2C belongs to
the KMT2 family of histone methyltransferases, which
catalyze the methylation of lysine 4 at histone 3 (H3)
and function as epigenetic regulators. The KMT?2 genes
are among the most frequently altered genes in various
cancer types, and KMT2C mutations have been mainly
reported in solid malignancies to date [51, 52]. A recent
study investigating the mutational spectrum of patients
suffering from a wide variety of myeloid malignancies
with abn(7) did not report recurrent KMT2C mutations
[10]. Several lines of argumentation might explain this
discrepancy: (1) KMT2C encodes for a large protein of
4911 amino acids and is characterized by a high GC-con-
tent and repetitive elements, which are both well-known
factors for sequencing artifacts. We observed a similar
prevalence of KMT2C mutations with WES and error-
corrected TS and confirmed the somatic nature of these
mutations using CR samples when available. (2) KMT2C
mutations were mainly subclonal with a median VAF of
5%. Thus, studies using sequencing technologies without
incorporation of error-correction are likely to miss the
majority of KMT2C mutations. (3) Studies focusing on
pediatric AML [53] and adult AML (CBF [54] and elderly
[55] AML patients) reported KMT2C mutations at low
frequencies, providing independent evidence of the true
nature of these variants. Very recently, a high prevalence
of KMT2C mutations was reported in adult blastic plas-
macytoid dendritic cell neoplasm (BPDCN), affecting
48% of investigated cases [56]. With a prevalence of 45%,
we found the highest KMT2C mutation prevalence in
patients with CBF AML and abn(7). The majority of the
KMT2C variants in our cohort were categorized as multi-
hit (= concomitant mutation and deletion at the KMT2C
locus). Considering that our clonality analyses revealed
TP53 and CHIP-associated gene mutations as disease-
initiating and mutations of genes involved in signaling
pathways and KMT2C as late events, KMT2C mutations

Fig. 5 Clonal hierarchies of events in patients with aberrations in chromosome 7. A Clonality analysis of SNV and CNV events derived from the CCFs
calculated using ASCAT [69] and CNACS [47] data in the exploration cohort (n=60 paired diagnosis/remission samples). x/xLOH represents

a chromosome or arm level CNV, and del(xp) or del(xq) represents the deletion of any part of the respective p or g arm. B Plot shows SNV
acquisition order resulting from a Bradley-Terry model applied to mutation pairs, using the CCF calculated by correction of sample purity, ploidy,
and CNV/cnLOH presence determined in pureCN (depicted on the left) in n=342 patients. The number of mutations that entered the model

is reported for each gene. To the right, the points correspond to point estimations, and the bars represent the 95% confidence intervals. Early
mutations have high estimations, thus their points are arranged on the left. The median point estimation value is taken as a reference point for early
versus late distinctions (grey arrow). Genes are color-coded by their assumed functional category
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Fig. 5 (Seelegend on previous page.)

seem to appear predominantly as the "second hit" driven  than initiating role for KMT2C mutations during leu-
by clonal selection pressure in abn(7) leukemia evolu- kemogenesis and disease progression. This conclusion
tion. Collectively, these data suggest a rather supporting  would be backed by the report from Chen et al., where
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Fig. 6 Survival analysis according to the major abn(7) groups. Kaplan-Meier Curves showing the probability of A RFS for n=230 and B OS

for n=389 intensively treated patients with available clinical data comparing the four major abn(7) groups: —7/CK versus del(7q)/CK versus —7/
non-CK versus del(7qg)/non-CK. Patients classified as "other/non-CK" or "other/CK" are not included (n=25). P values derived from pairwise LogRank
Test, *ns=not significant
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Table 2 Multivariate analysis of overall survival and relapse free survival of abn(7) patients.
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A

Variable N Hazard ratio p
Age < median 237 ] Reference

> median 158 E~I—~ 1.40 (1.10, 1.80) 0.007
WBC < median 194 n Reference

= median 201 , - 1.69 (1.32, 2.16) <0.001
Complex Karyotype no 228 [ ] Reference

yes 167 + 1.11 (0.74, 1.66) 0.616
-7 no 145 n Reference

yes 250 —a— 1.56 (0.91, 2.67) 0.109
del(7q) no 274 ] Reference

yes 121 —— 1.11 (0.63, 1.95) 0.724
IDH2 wt 359 * Reference

mut 36 | —i—! 0.51 (0.30, 0.88) 0.015
PTPN11 wt 351 [ | Reference

mut 44 . —M— | 2.24(156,3.22)  <0.001
P53 wt 259 ] Reference

mut and/or del 136 ¢ —— | 2.53(1.66, 3.86) <0.001
-5 no 342 | Reference

yes 53 —l— 1.53 (1.07, 2.18) 0.019
-18 no 359 ] Reference

yes 36 ) ;+ 1.56 (1.05, 2.33) 0.028

0.5 1 2
B

Variable N Hazard ratio p
Age < median 146 ] Reference

2 median 85 E—I—< 1.47 (1.04, 2.09) 0.030
WBC < median 120 [ | Reference

>median 111 v —— 2.23(1.58,3.15)  <0.001
Complex Karyotype no 146 [ ] Reference

yes 85 '—i-I— 1.23(0.71, 2.12) 0.466
-7 no 88 | Reference

yes 143 ——— 1.72 (0.79, 3.75) 0.172
del(7q) no 157 | Reference

yes 74 —— 0.93 (0.42, 2.09) 0.868
IDH2 wt 200 — Reference

mut 31 | —B— 0.50 (0.26, 0.96) 0.036
PTPN11 wt 212 | Reference

mut 19 \ —— | 2.32(1.33,4.04) 0.003
TP53 wt 168 — Reference

mut and/or del 63 ' —l—— | 2.30(1.25, 4.26) 0.008
-5 no 206 [ | Reference

yes 25 — 1.20 (0.70, 2.05) 0.511
-18 no 217 * Reference

yes 14 ;—I— 1.88 (0.98, 3.59) 0.056

1

05 2

Tables A and B show the multivariate model for analysis of (A) OS (n=395) and (B) RFS (n=231) for intensively treated patients of the abn(7) cohort. In the Cox
regression analysis, genomic events (gene mutations and cytogenetic aberrations) were taken as variables and potential clinical confounders as covariates. For clinical
continuous variables, a separation into two groups was determined by the median value for age (59 years old) and for WBC (white-blood-cell counts, 9/nL). Genomic
events were included in the multivariate analysis Cox regression analysis if they were detected in the > 5% of patients and had a univariate P<0.10 for OS and RFS
before adjustments for multiple comparisons. Cytogenetic aberrations like —7 (Monosomy 7), del(7q), other monosomies, and complex karyotype (CK) are retrieved

from clinical information. The hazard ratio is given as HR (95% of Cl), and P-values are shown

TP53-deficient mice only developed leukemia after trans-
plantation of hematopoietic stem cells with concomitant
Kmt2c and Nfl-knockdown [19], pointing to a collabora-
tion of several pathways promoting leukemogenesis in a

with abn(7).

multistep manner. Therefore, it will be of interest to sys-
tematically study KMT2C mutations over time and inves-
tigate mutation stability and evolution in relapsing AML
Furthermore, future studies are needed
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to validate the pathogenicity of the detected KMT2C
variants.

Overall, our NGS-based CNV analysis revealed a very
high concordance with diagnostic karyotyping based on
G-banding/FISH analyses. In addition, this technology ena-
bled us to calculate CN-adjusted VAFs, an essential prereq-
uisite for investigations on clonal hierarchies, and to define
precise breakpoints. Thereby, we uncovered a previously
underappreciated association between the most frequent
focal deletion of chr7q (chr7:q21.2—q36.3) with gains of the
MECOM/EVII locus (chr3q26.2—q29). Moreover, we iden-
tified a substantial number of focal lesions<10 MB, which
were likely missed by conventional karyotyping. Most of
these small lesions covered loci of genes like TP53, NF1, or
other recurrent AML genes, pointing toward the possibility
of an even higher proportion of TP53-altered AML patients
than currently expected.

The large size of our cohort allowed for a systematic
investigation of genetic markers with patient outcome in
AML with abn(7). In addition to the confirmation of the
well-known detrimental outcome for patients harboring
a TP53 abnormality, we report for the first time a simi-
lar dismal prognosis for patients with PTPN11 mutations
in AML with abn(7). The prevalence of 11% in our study
is slightly higher than in studies not focusing on distinct
AML subgroups [57, 58]. In AML, PTPN1I mutations
mainly affect residues on the interacting surfaces of the
Src-homology 2 domain and a tyrosine phosphatase
domain, leading to a gain of function and activation of
this proto-oncogene. This results in downstream acti-
vation of numerous pathways, including RAS/ERK1/2,
FLT3, JAK/STAT, PI3K/AKT, and NF-kB, immune-
evasion mediated by PD-1, and overexpression of anti-
apoptotic proteins [59-61]. Furthermore, PTPN1I and
other RAS/RTK-pathway gene mutations have been
associated with resistance-development to venetoclax/
azacitidine treatment and poor outcome [62], indicating
the high medical need for novel treatment approaches for
PTPNII1-mutant AML.

Furthermore, we observed that IDH2-mutant patients
had a higher CR rate and longer RFS and OS than
IDH2wt patients with AML abn(7). While being aware of
the limitations of the retrospective nature of our analy-
ses, we additionally observed a benefit of allo-HSCT in
CR1 in patients with abn(7), which was especially accen-
tuated in IDH2-mutant cases. The outcome of these
IDH2-mutant patients somewhat resembled the out-
come of patients with ELN 2022 intermediate-risk [3].
Importantly, this superior outcome is at least partially
explained by a higher responsiveness to induction ther-
apy and a higher usage of allo-HSCT in CR1 for IDH-
2mut as compared to IDH2wt patients (41% vs. 28%).
These data are in line with a recent study investigating
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the role of IDH1/2 mutations in 4930 AML patients that
reported a significantly better RFS and OS for patients
with IDH2 mutations affecting residue R172 [63] as com-
pared with IDHwt patients of the ELN 2017 intermediate
and high-risk subgroups. In our cohort, both commonly
affected codons (R140 and R172) showed similar supe-
rior survival. Collectively, it will be of special interest to
see whether the incorporation of IDH2-inhibition leads
to further outcome improvement in IDH2-mutant AML
with abn(7).

To conclude, we retrospectively investigated the
genomic landscape of adult AML with abn(7), reveal-
ing the nature of this genetically multifaceted leukemia
subgroup. Its distinct clinical outcomes and genetic pat-
terns depend on the type of abn(7) and the co-occur-
rence of other chromosomal aberrations. Although AML
with —7 is classified into one ELN adverse-risk group,
it should be noted that survival among these clinically
poorly performing patients may still differ with a poten-
tial survival benefit in IDH2mut patients but at the same
time, even poorer outcomes in the presence of TP53 and
PTPN11 aberrations. Additional studies will be essential
to elaborate on the functional consequences of KMT2C
alterations in AML with abn(7).
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