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PETHEMA cooperative group has constituted a nationwide NGS network with centralized analy-
sis in seven high—skilled laboratories. The study of molecular profiles in the “real-life” PETHEMA
cohort supports the increasing role of NGS on the clinical management of AML patients.

Abstract: Next-Generation Sequencing (NGS) implementation to perform accurate diagnosis in acute
myeloid leukemia (AML) represents a major challenge for molecular laboratories in terms of spe-
cialization, standardization, costs and logistical support. In this context, the PETHEMA cooperative
group has established the first nationwide diagnostic network of seven reference laboratories to
provide standardized NGS studies for AML patients. Cross—validation (CV) rounds are regularly
performed to ensure the quality of NGS studies and to keep updated clinically relevant genes rec-
ommended for NGS study. The molecular characterization of 2856 samples (1631 derived from the
NGS-AML project; NCT03311815) with standardized NGS of consensus genes (ABL1, ASXL1, BRAF,
CALR, CBL, CEBPA, CSF3R, DNMT3A, ETV6, EZH2, FLT3, GATA2, HRAS, IDH1, IDH2, JAK2, KIT,
KRAS, MPL, NPM1, NRAS, PTPN11, RUNX1, SETBP1, SF3B1, SRSF2, TET2, TP53, U2AF1 and WT1)
showed 97% of patients having at least one mutation. The mutational profile was highly variable
according to moment of disease, age and sex, and several co—occurring and exclusion relations were
detected. Molecular testing based on NGS allowed accurate diagnosis and reliable prognosis stratifi-
cation of 954 AML patients according to new genomic classification proposed by Tazi et al. Novel
molecular subgroups, such as mutated WT1 and mutations in at least two myelodysplasia-related
genes, have been associated with an adverse prognosis in our cohort. In this way, the PETHEMA
cooperative group efficiently provides an extensive molecular characterization for AML diagnosis
and risk stratification, ensuring technical quality and equity in access to NGS studies.

Keywords: acute myeloid leukemia; Next-Generation Sequencing; cross—-validations; mutational
profile; genomic classification; clinical validation

1. Introduction

Introduction of Next-Generation Sequencing (NGS) into routine molecular diagnosis
has provided deep molecular knowledge of acute myeloid leukemia (AML). These findings
have allowed for the refinement of classification and risk stratification systems based on
recurrent genetic abnormalities.

In 2016, Papaemmanuil et al. proposed the first genomic classification of AML that
identifies 11 molecular classes, each with distinct diagnostic features and clinical outcomes [1].
This classification has been recently revised and updated in Tazi et al., 2022, proposing
16 molecular classes based on cytogenetics and the mutational status of 32 genes [2]. The
importance of genomic characterization has also been reflected in the recently revised World
Health Organization (WHO) Classification [3], new International Consensus Classification
(ICC) [4] and European LeukemiaNet (ELN) risk stratification [5], which prioritize genetic
abnormalities to establish diagnosis and prognosis to evaluate measurable residual disease
(MRD) and to select treatment.

In this situation, molecular analysis by single-gene techniques has become inefficient
in order to provide a complete characterization of AML. In contrast, NGS represents a
more sensitive tool to capture all the relevant molecular markers in one assay and is widely
recommended to study the molecular landscape of this disease [6].

NGS implementation to perform accurate diagnosis in AML is currently demanded
by physicians and patients. However, introduction of NGS into clinical routine faces
novel challenges [7]. NGS requires large batches of samples in order to be cost—effective,
workflows are time-consuming, and interpretation needs highly qualified specialists.
Moreover, the diversity of NGS panels, platforms and quality control criteria might
prevent the success of the approach [8]. Hence, to efficiently introduce NGS into routine
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molecular diagnostics, it is necessary to establish quality requirements and to standardize
gene panels and variant reporting.

In order to provide comprehensive NGS studies to AML patients and to guarantee
equity of access, the PETHEMA cooperative group (Programa Espafiol de Tratamientos en
Hematologia) has established a nationwide network of central laboratories aimed to har-
monize NGS results under consensual criteria in newly diagnosed and relapsed/refractory
AML patients [9].

This study summarized the NGS-AML project (NCT03311815), reporting quality
control assays and the molecular profile of 2668 AML patients reported in the PETHEMA
AML registry. We show co—occurring and mutual exclusion relationships among genes and
distinct molecular profiles according to disease stage, age and sex and genomic classification
in the “real-life PETHEMA cohort”.

2. Materials and Methods
2.1. Development of the Diagnostic Platform

Implementing NGS studies in the routine molecular diagnosis of AML patients re-
quires specialization, budgetary stability and logistical support. The PETHEMA cooper-
ative group established a nationwide network of NGS studies for fast and standardized
molecular diagnosis of AML. This strategy aims to provide coverage of NGS studies to
38.5 million inhabitants distributed in geographical areas ranging from 2.2 to 8.9 million
habitants. For this purpose, seven centers with logistical and technical capacity for the
management of a high number of samples were designed as reference laboratories for the
centralization of samples submitted by PETHEMA institutions in each area. In this way, a
large territory and population was covered. The platform was supported by PETHEMA in
logistical management, as well as, closer and well-established relationships between the
sample referral institution and the assigned central laboratory. The designated reference
centers for NGS analysis concentrate a large number of AML samples, allowing for the
rapid completion of the sequencing runs and their management by highly specialized staff.

2.2. Study Design and Reference Laboratories

We show a prospective, multi—center, non—interventional and translational biomed-
ical research, performed in seven Spanish PETHEMA reference laboratories: Hospital
Universitario La Fe (HULF, Valencia, Spain), Hospital Universitario de Salamanca (HUS,
Salamanca, Spain), Hospital Universitario 12 de Octubre (H120, Madrid, Spain), Hospital
Universitario Virgen del Rocio (HUVR, Sevilla, Spain), Hospital Universitario Reina Sofia
(HURS, Cérdoba, Spain), Hospital Universitario de Gran Canaria Dr. Negrin (HUDN, Las
Palmas de Gran Canaria, Spain), CIMA LAB Diagnostics (UNAV, Pamplona, Spain).

2.3. Consensus Genes Establishment

The development of the diagnostic platform required several meetings to coordinate
criteria on which genes should be analyzed based on their clinical relevance in AML.
After extensive bibliographic revision of current molecular basis of AML, all reference
laboratories should assess by NGS the mutational status of genes that define the diagnosis
and prognosis as well as guide treatment options (ASXL1, BCOR, CEBPA, EZH2, FLT3,
IDH1, IDH2, NPM1, RUNX1, SF3B1, SRSF2, STAG2, U2AF1, ZRSR2 and TP53). Moreover,
there was a recommendation for the study of other genes with proven evidence on their
relevance in AML pathogenesis (ABL1, BRAF, CALR, CBL, CSF3R, DNMT3A, ETV6, GATA2,
HRAS, JAK2, KIT, KRAS, MPL, NRAS, PTPN11, SETBP1, TET2 and WT1).

The establishment of consensus genes has enabled laboratories to work with the
NGS platforms and panels according to their individual requirements, which have largely
enabled the development and maintenance of the diagnostic platform. NGS panels and
platforms used by each center are described in Supplementary Materials Tables S1 and S2.
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2.4. NGS Standardization Procedures and Cross—Validation Rounds

The diagnostic platform established a quality control assay by exchanging control
samples among reference laboratories every 9-12 months. To date, three cross validation
(CV) rounds have been performed. As previously reported, in the first and second CV
rounds, minimum quality parameters [uniformity (>85%) and mean read depth of 1000X]
and consensus recommendations for variant report [All centers should report: (1) mutations
in relevant genes for clinical guidelines, targeted therapy and risk stratification and (2) all
pathogenic variants detected with VAF >5% excepting those described at hotspot regions
which will be reported up to 1% VAF] were stablished. For both CV rounds, 10 samples
harboring 54 variants were distributed. In first CV round, VAF for all variants was >5%
while in the second CV round, 5 from 30 total variants had low VAF ranging from 1.8-4.9%.
In the third CV round, to explore the accuracy and reliability of low VAF variants (<5%)
detection, 4 samples harboring 32 variants (11 VAF < 5%) were analyzed, according to
previously established criteria [9].

2.5. Patients and Inclusion Criteria

All adult patients (>18 years) with newly diagnosed or relapsed/refractory AML (ex-
cluding acute promyelocytic leukemia) according to the World Health Organization criteria
(2008 and 2016), regardless of the treatment received, were eligible for mutational profile
study by NGS. The Institutional Ethics Committee for Clinical Research of each institution
approved this study. Written informed consent in accordance with the recommendations of
the Declaration of Human Rights, the Conference of Helsinki, and institutional regulations
were obtained from all patients.

2.6. Clinical Validation

Clinical validation was performed based on the new genomic classification which
proposes unified framework for disease classification and risk—stratification in AML based
on cytogenetic analysis and an NGS—panel of 32 genes [2]. Molecular class defining genes
were: NPM1, TP53, WT1, CEBPA, DNMT3A, IDH1, IDH2, ZRSR2, U2AF1, SRSF2, SF3B1,
ASXL1, STAG2, BCOR, RUNX1, EZH2, MLLL, PHF6, SF1, NF1, CUX1, SETBP1, FLT3 and
TET2. * Bold genes represent PETHEMA consensus genes.

This new classification categorizes AML in 16 molecular classes with different prog-
nostic values and encompass the established WHO entities: “WHO2016 set 1” [inv(16),
t(8;21) and NPM1] and “WHQO2016 set 2” [t(11,x), t(6,9), inv(3) and CEBPADbi]; and also
novel categories: “TP53 and complex karyotype (CK)”, “sAML1” (Mutated SRSF2, SF3B1,
U2AF1, ASXL1, EZH2, RUNX1 or SETBP1), “sAML2"” (More than one mutations in sAML1
genes including DNMT3A and TET2), “WT1”, “Trisomies”, “DNMT3A + IDH1/2”, “Not
class defining mutations (mNOS)” and “No events” category. Since our study excludes
acute promyelocytic leukemia, category “t(15;17)” is not applicable.

This classification also proposes an integrated risk score based on the 16 molecular
classes: “NPM1”, “inv(16)”, “t(8;21)”, “CEBPAbi” and “No events” define the favorable risk
group; “sAML1”, “t(6;9)”, “WT1”, “mNOS”, “t(11,X)”, “DNMT3A-IDH1/2” and “trisomies”
the intermediate and “TP53-CK”, “sAML2” and “inv(3)” the adverse risk group. Genomic
groups and sub—classifications are summarized in Supplementary Table S3. Internal tandem
duplications (ITD) in FLT3 are the only genetic alterations with independent prognosis
value from class membership. These mutations were not considered as “class defining”
alterations as they are represented in all classes but modulate risk groups classification as
follows: In the favorable risk group, patients with mutated NPM1 who also harbored a
FLT3-ITD mutation were reclassified to the intermediate risk group. Similarly, a FLT3-ITD
mutation reclassifies intermediate risk patients to an adverse risk group. Moreover, in order
to assess the prognostic impact of TP53 configurations, we classified patients according
TP53 mono-allelic or multi-hit as described by Tazi et al.: Mono-allelic: One TP53 mutation
with VAF < 65%; and multi-hit: Two TP53 mutations or one TP53 mutation with VAF > 65%
or one TP53 mutation + del(17).
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2.7. Statistics

All statistics were performed using SPSS version 22 (IBM, Armonk, NY, USA) and
GraphPad Prism 4 (GraphPad, La Jolla, CA, USA) software programs. Chi square test was
used to assess associations between categorical variables. Survival analyses were performed
using the Kaplan-Meier method and the log-rank test. The Cox proportional-hazards model
was used to evaluate the risk of death among groups. p—value (p) < 0.05 was considered as a
statistically significant test.

3. Results
3.1. Third Cross Validation Round

In the third CV round, the error rate (ER) for variants with VAF > 5% decreased from
previous rounds: 1st: 39%, 2nd: 14.4% and 3rd: 4.76%. However, the ER in variants with
VAF < 5% increased from 28.6% (five variants with mean VAF 3.3%) to 59.6% (11 variants
with mean VAF 1.2%). ER, mean VAF and standard deviation (SD) for the last CV round
are summarized in Supplementary Table S4 and Figure S1. Therefore, the diagnostic
platform maintained: (1) the cut—off of VAF > 5% to report clinically relevant variants
and (2) the criteria to report only low VAF variants (<5%) in hotspot regions with strong
clinical evidence, suggesting variant confirmation in an additional sample.

3.2. Baseline Demographics and Molecular Profile in NGS-AML Protocol Cohort

From October 2017 to October 2019, NGS analyses were performed in 1631 sam-
ples from 1471 AML patients enrolled in the NGS-AML protocol (NCT03311815), with
available clinical date (i.e., treatment approach). Disease status at samples collection was:
1268 diagnosis (DX), 204 relapse (REL) and 159 refractoriness (RES) (Table 1).

Table 1. Diagnosis cohort (N = 1268). Demographic and baseline characteristics.

Characteristic Mean Median Range N (%)
Age, years 64.9 67.7 18-98 1268 100
<65 540 42.6
>65 728 57.4
Sex 1268 100
Male 712 56.2
Female 556 43.8
ECOG 1075 100
0 420 39.1
1 452 42.0
2 135 126
3 53 49
4 15 14
Not available 193
WBC (x10%/L) 328 88 0.24-407 1118
BM blast cells, % 53.4 52.0 0-100 1026
Creatinine, mg/dL 11 0.90 0.28-10.3 1071
MRC cytogenetic profile 1011 100
Favorable 57 5.6
Intermediate 178 17.6
Unfavorable 269 26.6
Normal karyotype 507 50.1
Not available 257
AML FAB subtype 715 100
Mo 88 12.3
M1 144 20.1
M2 126 17.6
M4 173 242
M5 144 20.1
M6 31 4.3
M7 9 13
Not available 553
Therapeutic approach 1268 100
Intensive 695 54.8
Non-intensive 513 40.5
Supportive care only 60 4.7
Type of AML 1268 100

De novo 920 72.6
Secondary 348 27.4
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An additional cohort of 1225 samples analyzed by NGS between November 2019-May
2021 has been included only for molecular characterization of AML: 1166 (DX), 47 (REL) and
12 (RES). Only those samples that met NGS quality requirements established by the diagnostic
platform were included in the study. Overall, 2856 samples were analyzed (2434 DX, 251 REL,
and 171 RES).

3.3. Summary Mutation Profile

In the global cohort (N = 2856 samples), 7768 variants were detected. A total of 96.5%
of samples showed at least 1 mutation, mean 2.7 mutations/sample (range 0-9). Most
patients had three variants (21.1%), followed by patients with two (20.9%) and four (17.8%).
FLT3 (24.6%), DNMT3A (24.3%), NPM1 (22.4%) and TET2 (21.6%) were the most frequently
mutated genes (Supplementary Figure S2). According to ELN-2022 [5], 85.3% of patients
at diagnosis showed at least one mutation in clinically relevant genes to establish the
diagnosis, prognosis or to select treatment.

3.4. Co-Mutations and Exclusivity Patterns

NPM1, FLT3 and DNMT3A were significantly co-mutated for all combinations
(p <0.001). PTPN11 and NPM1 showed a strong association (p < 0.001) as well as PTPN11-
DNMT3A (p = 0.0017) and PTPN11-FLT3 (p = 0.024). Mutations in NPM1 were highly
associated with mutated IDH1 (p < 0.001) but were exclusive with R172-IDH?2 (p < 0.001).
In contrast, DNMT3A mutations were highly associated with both mutated IDH1 and
IDH? (p < 0.001). CEBPA was frequently co-mutated with GATA2 (p < 0.001); and ASXL]I,
RUNXT and SRSF2 were strongly associated with each other (p < 0.001).

On the other hand, mutations in TP53 were the most exclusive with all the analyzed
genes (p < 0.05). Mutations in IDH1 and IDH?2 were also mutually exclusive of each other
(p < 0.001). Mutated NPM1 was highly exclusive with mutations in: RUNX1 (p < 0.001),
SRSF2 (p < 0.001) and ASXL1 (p < 0.001). The main association and exclusivity patterns for
all genes are shown in Figure 1.
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Figure 1. Co-occurrence and mutual exclusivity patterns among genes. Red: exclusive relationship;
Green: co—occurring relationship. Higher color intensity indicates stronger association: * p < 0.05,
**p <0.01, ** p <0.001.

We also identified co—occurring and exclusivity patterns according to functional cat-
egories of AML [10]. Genes were grouped into nine categories based on their biological
function (Supplementary Table S5). We identified commonly co—occurring events between
“transcription—factor (TF) fusions” and “activating signaling genes” (p < 0.001). Asso-
ciations were also found between “NPM1” with “DNA-methylation genes” (p < 0.001)
and “activating signaling genes” (p < 0.001)” as well as co—occurring events between
“Spliceosome-genes” with “myeloid TFs” (p < 0.001), “chromatin modifiers” (p < 0.01)
and “DNA-methylation genes” (p < 0.001). On the other hand, several mutually exclusive
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relationships were observed: “NPM1” mutations were highly exclusive with “myeloid
TFs” (p < 0.001), “Spliceosome—genes” (p < 0.001), and “chromatin-modifying” (p < 0.001);
mutations in “Spliceosome-genes” were highly exclusive with “TF fusions” (p < 0.001) and
remarkably, the “Tumor suppressor-genes” category was highly exclusive with all other
functional categories (p < 0.001) (Figure 2).

TF Fusions

NPM1
Tumor Suppressors
DNA Methylation
Activated Signaling
Myeloid TFs

Cromatin Modifiers

Spliceosome

Figure 2. Heatmap of association and exclusivity patterns among functional categories. Red: ex-
clusivity relationship; Green: co—occurring relationship. Higher color intensity indicates stronger
association. * p < 0.05, ** p < 0.01, ** p < 0.001.

3.5. Disease Stage Mutational Profile

Subgroup analyses based on disease stage (DX or REL or RES) showed statistically
significant results: NPM1 (p < 0.001) and signaling pathway genes such as KRAS (p = 0.007)
and NRAS (p < 0.001) were more frequently mutated at diagnosis. In refractory AML,
WT1 (p < 0.001) was more frequent, meanwhile relapse AML exhibited more mutations in
RUNX1 (p = 0.037), DNMT3A (p = 0.018), IDH1 (p = 0.017) and WT1 (p < 0.001). Mutational
frequency and p-values for each correlation are described in Supplementary Table S6A,
Figure 3.
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Figure 3. Mutational frequency according to disease stage. Blue bars: Diagnosis, green bars: Relapse
and red bars: refractoriness. * p < 0.05, ** p < 0.01, *** p < 0.001. ITD: internal tandem duplication;
TKD: tyrosine kinase domain.

3.6. Age—Related Mutational Profile

NGS studies revealed distinct mutational profile in young (<65 years—old) and elderly
(>65 years-old) AML patients. The mean number of gene mutations at diagnosis was higher
in older patients than younger (2.9 £ 0.04 vs. 2.5 £ 0.04; p < 0.001). Older patients also had a
higher frequency of TET2 (p < 0.001), RUNX1 (p < 0.001), TP53 (p < 0.001), IDH2 (p < 0.01),
ASXL1 (p <0.001), SRSF2 (p < 0.001), U2AF1 (p < 0.01), SF3B1 (p = 0.028), JAK2 (p < 0.001) and
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EZH? (p <0.001). In contrast FLT3 (p < 0.001), NPM1 (p < 0.001), DNMT3A (p = 0.032), NRAS
(p <0.01), PTNP11 (p < 0.001) and WT1 (p < 0.001), were frequently mutated in young AML.
Mutational frequencies and p—values are shown in Supplementary Table S6B, Figure 4.

FLT3-4 2938% 21.25%
NPM14 29.19% 18.52%
DNMT3A 1 25.86% 22.14%

NRAS 4 19.09% 13.87%
FLT3-1TD 4 18.72% 12.18%
TET2 14.27% 28.19%
RUNXT A 13.44% 21.92%
TP53 4 12.70% 21.99%
IDH?2 1 12.42% 16.48%
ASXL1 A 10.19% 18.38%
IDH1 4 8.80% 10.41%
FLT3-TKD A 8.25% 3.62%
SRSF2 A 8.06% 22.51%
KRAS - 7.60% 8.63%
PTPN11 4 7.32% 4.50%
CEBPA 6.39% 6.13%
WT14 6.30% 3.54%
UZ2AF14 4.91% 7.68%
SF3B14 4.53% 6.70%
KITH 417% 2.80%
JAK2 4 3.61% 6.86%
CBL 1 3.52% 3.91%
GATA2 4 3.43% 2.21%
EZH?2 1 2.97% 7.45%
CSF3R 4 287% 2.73%
ETVE 1 2.50% 3.62%
SETBP1 - 2.32% 3.54%
MPL 1 2.04% 1.70%
CALR A 1.39% 1.77%
BRAF 1 0.65% || 0.52%
ABL 14 0.30% | 0.32%
30% 20% 10% 0% 10% 20% 30% 40%

Mutational frequency

Figure 4. Age-related mutational profile. Bar chart representing mutational frequencies according
to age at diagnosis. Green; <65 years old, red; >65 years old. * p < 0.05, ** p < 0.01, *** p < 0.001.
ITD: internal tandem duplication; TKD: tyrosine kinase domain.

3.7. Sex—Related Mutational Profile

Our cohort showed a well-balanced distribution between male (56.2%) and female
(43.8%) patients, similar to that described in previous AML cohorts [1,10]. Sex—specific
mutational profiles were observed. Females harbored lower number of mutations than
male patients (2.8 & 0.04 vs. 2.6 £ 0.04; p < 0.01). Mutations in DNMT3A (p < 0.001), FLT3
(p <0.01) and NPM1 (p < 0.001) were overrepresented in females and TET2 (p = 0.014),
RUNX1 (p < 0.001), ASXL1 (p < 0.001), SRSF2 (p < 0.001), EZH2 (p < 0.001), U2AF1

(p <0.001), JAK2 (p = 0.01) and CBL (p = 0.025) mutations in male patients (Supplementary
Table S6C, Figure 5).
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Figure 5. Sex-related mutational profile. Bar chart representing mutational frequencies. Orange;
female, blue; male. * p < 0.05, ** p < 0.01, *** p < 0.001. ITD: internal tandem duplication; TKD: tyrosine

kinase domain.

3.8. Paired Samples and Mutation Stability

Molecular profiling of paired samples was conducted in 97 patients at diagnosis-relapse
(DX-REL) and 59 patients at diagnosis—refractoriness (DX-RES). In DX-REL comparison, loss
events were more frequently observed than gain events (43.7% vs. 26.4%) in relapse samples.
Interestingly, 17.2% of patients showed simultaneous mutation loss and gain events, while
24.1% maintain the diagnosis’ mutational profile. The most stable mutated genes were TP53,
WT1 and NPM1, with stability rates of 81.3%, 80% and 77.8%, respectively. In contrast, signaling
activating genes were found to be highly unstable: KIT, FLT3-ITD and FLT3-TKD mutations,
NRAS, KRAS and PTPN11 showed stability rates below 50%. Moreover, while mutations in
KIT, FLT3-TKD, KRAS and PTPN11 were almost equally lost and acquired, mutations in NRAS
and FLT3-ITD were predominantly lost (Supplementary Figure S3).
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In refractory AML, 49.2% of patients retained the mutational status found at diagnosis.
NPM1 mutations were also the most stable gene at refractory AML (83.3%). Signaling
activating genes were highly unstable: NRAS, KRAS, PTPN11 and FLT3-TKD showed
stability rates below 45%, being more frequent the loss of these mutations (Supplementary
Figure 54).

3.9. New Genomic Classification Applied to PETHEMA-NGS Cohort

Based on the availability of clinical, cytogenetic and mutational data, 954 patients were
eligible to assess the updated genomic classification by Tazi et al. [2]. The most frequently
mutated classes were: “sAML2"” (25.4%), “NPM1” (23.9%), and “TP53—-CK” (19.2%). Other
less frequent classes were: “sAML1” (8.7%) and “Not class defining mutations” (8.3%).
Molecular classes’ distribution is shown in Figure 6. The “CEBPAbi” category was un-
derrepresented in the PETHEMA cohort (0.8%). Therefore, based on novel diagnosis and
prognosis classifications of AML, patients with in—-frame mutations in basic leucine zipper
domain of CEBPA (CEBPA bZIP) were assessed as a biological AML subgroup (1.2%). In
this regard, WHO entities [inv(16), t(8,21), NPM1, CEBPA bZIP, t(11;x), t(6;9) and inv(3)]
represented the 34% of PETHEMA—cohort.
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Figure 6. Molecular classes’ distribution according to the Tazi et al., 2022 genomic classification.
CK: Complex karytotype. mNOS: Not class defining mutations.

3.9.1. Prognosis Value of Molecular Classes

Molecular classes have also been associated with different prognostic values. The previ-
ously established WHO categories, “inv(16)” (Median OS not reached at 42 months), “CEBPA
bZIP” (Median OS not reached at 32 months) and “NPM1” [29.0 months (95%CI 19.9-38.0)] had
the best outcomes while inv(3) had the worst prognostic value [4.9 months (95%CI 0.8-9.1)].
Among new molecular classes, those patients without driver mutations “No events” (Median
OS not reached at 33 months) or “Not class defining mutations” [23.3 months (95%CI 11.0-35.6)]
showed the best prognostic value while “TP53/CK” [5.3 months (95%CI 2.9-7.6)], “sAML2”
[12.1 months (95%CI 9.9-14.2)] and WT1 [4.0 months (95%CI 0.0-18.4)] classes had the worst OS
(p < 0.001) (Table 2; Supplementary Figure S5). When we evaluated the prognostic value accord-
ing to the mono-allelic (N = 47; 32.9%) or multi-hit (N = 96; 67.1%) status of TP53 mutations,
we did not find a different outcome between both groups [mono-allelic: 5.4 months (95%CI
0.007-10.7); multi-hit: 4.1 months (95%CI 2.9-5.3) (p = 0.088)] (Supplementary Figure S6).
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Table 2. Median overall survival and 95% CI for molecular AML classes.

(95% CI)
Molecular Classes (O 1] LowerIC Upper IC p
inv(16) NR <0.001
CEBPA bZIP NR
No events NR
NPM1 29.0 19.9 38.0
Not class defining mutations 23.3 11.0 35.6
DNMT3A/IDH1-2 18.5 1.7 35.3
sAML1 18.1 12.5 23.7
t(8;21) 17.5 37 313
Trisomies 14.4
t(X;11) 13.2 0.0 31.3
sAML2 12.1 9.9 14.2
TP53-CK 5.3 29 7.6
inv(3) 49 0.8 9.1
WT1 4.0 0.0 184
NR: Mean overall survival not reached at: “inv(16)”: 42 months; “No events”: 33 months and “CEBPA bZIP”:
31 months.

In terms of risk of death, the molecular classes “inv(3)” [3.9 (95%CI 2.1-7.2) (p < 0.001)]
and “TP53/CK” [3.5 (95%CI 2.6-4.6) (p < 0.001)] showed the highest risk of death compared
to “NPM1” class. Remarkably, the new established “sAML2" [2.1 (95%CI 1.6-2.7) (p < 0.001)]
and “WT1” [2.3 (95%CI 1.1-5) (p < 0.05)] categories were the next with higher risk of death
(Figure 7A, Supplementary Table S7A).

A)  Molecular Subgroups -

NPM1- [
CEBPAbzip—1#-
*inv(3) = k L
SAML 1 ——
** SAML2 - —e—
*WT1+ ——————
Trisomies | F———
DNMT3A/IDH1-24 ———
Not class defining- +e—
No driver - —o—t———
t(X;11) ——
inv(16)4 +H—e—
***TP53-CK— ——
t(8;21)4 +ro——
B) Risk stratification |
Favorable [ ]
** Intermediate - —o—i
*** Adverse —e—
C) < 65 years
Favorable - [
“** Intermediate - A
*** Adverse ——
D) > 65 years
Favorable [ ]
Intermediate e
*** Adverse —e—i
T T T 1
0 2 4 6 8

Hazard ratio (95% CI)

Figure 7. Hazard ratio for death according to (A) New molecular subgroups in the global cohort; and
new genomic risk score for: (B) Global cohort, (C) Patients < 65 years and (D) Patients >65 years.
*p < 0.05, ** p < 0.001.
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3.9.2. Integrated Risk Score

We also assessed the integrated risk score based on cytogenetic and gene mutations
proposed in the new genomic classification [2]. In the evaluable cohort (N = 954), 23.8% of
patients were classified to a favorable risk group, 27.1% were included in the intermediate
risk group and 49.1% in the adverse risk group. We also evaluated the impact of age at
diagnosis in the new genomic classification. Risk stratification distribution was significantly
different between age groups: <65 years (intensive = 416; non—intensive = 10) vs. >65 years
(intensive = 150; non—-intensive = 378). Young patients showed homogeneous distribution
of the different risk groups (Favorable: 31.2%, Intermediate: 32.4% and adverse: 36.4%),
while older patients were predominantly included in the adverse risk group (Favorable:
17.8%, Intermediate: 22.9% and adverse: 59.3%; p < 0.001).

In terms of outcomes, median OS was 30.8 months (95%CI NR) in the favorable risk
group, 18.5 months (95%CI 14.3-22.7) in the intermediate group and 9.4 months (95%CI
7.8-11.00) in the adverse risk group (p < 0.001) (Figure 8A). Intermediate and adverse risk
patients had 1.5 (95%CI 1.1-2.0; p < 0.01) and 2.7 (95%CI 2.1-3.5; p < 0.001) increased risk of
death relative to favorable risk group (Figure 7B, Supplementary Table S7B).
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Figure 8. Overall survival according to new genomic risk score: (A) Global cohort, (B) Patients < 65 years,
(C) Patients > 65 years.

We also found differences in terms of OS in both age groups. Median OS in favorable—
risk group was not reached at 42.8 months in patients < 65 years, while intermediate and
adverse risk groups reached a median OS of 23.6 (95%CI NR) months and 20.8 (95%CI
13.2-28.3), respectively (p < 0.001) (Figure 8B). In contrast, median OS of older patients was
significantly decreased for all risk groups: Favorable (14.0; 95%CI 6.3-21.8), intermediate
(14.6; 95%CI 11.9-17.4) and adverse (6.9; 95%Cl 5.6-8.3) (p < 0.001) (Figure 8C).

Regarding risk score, young patients classified in the intermediate and adverse risk
group showed 2.6 (95%CI 1.5-4.4; p < 0.001) and 3.5 (95%CI 2.1-5.8; p < 0.001) higher
risk of death relative to those patients classified in the favorable risk group (Figure 7C,
Supplementary Table S7C). On the other hand, patients >65 years classified in the adverse
risk group showed an increased risk of death of 1.9 (95%CI 1.4-2.5; p < 0.001) compared to
those classified as favorable risk. No statistically significant results were found in the risk of
death of intermediate risk patients: 1.0 (95%CI 0.7-1.4; p = 0.864) (Figure 7D, Supplementary
Table S7D). In general, patients >65 years had a dismal prognosis and higher risk of death
compared to younger ones for all risk groups: Favorable: 4.7 (95%CI 2.8-8.0; p < 0.001),
intermediate: 1.8 (95%CI 1.2-2.6; p < 0.01) and adverse: 2.6 (95%CI 2.0-3.5; p < 0.001).

Comparison between the Integrated Risk Score and 2022 ELN Risk Classification

According to current 2022 ELN risk stratification, we selected 546 fit patients for a
tentative comparison with the AML genomic classification risk score. We did not find
a distinct OS (2022 ELN vs. Tazi et al.) for favorable (Median OS not reached in both
groups; p = 0.839), intermediate (Median OS not reached vs. 25.3 months; p = 0.336) or
adverse-risk patients (Median OS 15.2 months vs. 14.7 months; p = 0.786) according to both
classifications (Figure 9).
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Figure 9. Overall survival curves according to 2022 ELN risk classification and Tazi et al. [2] genomic
AML classification: (A) Favorable, (B) Intermediate and (C) Adverse risk groups.

4. Discussion

NGS has become the preferred technology to capture the heterogeneous molecular
landscape of AML [2-5]. These approaches have been rapidly adopted as a potential
routine tool for molecular diagnosis in AML patients [11]. However, its translation into
clinical practice is hampered by specific requirements, such as the necessity of highly skilled
laboratories, the increased cost compared to single-gene assays and the expected high
turnaround time [7,12]. In this scenario, our results show that an NGS diagnostic platform,
established by the PETHEMA cooperative group, was able to provide NGS reliable results
with all relevant molecular data currently required for diagnosis and prognosis stratification
and therapy choice. In addition, this kind of cooperative study allows for the assessment of
the genetic heterogeneity of AML in large cohorts of patients and provides an extensive
quality molecular data to evaluate current genomic knowledge in “real-life” AML cohorts.

Due to the rapid NGS implementation into routine molecular diagnosis of AML,
NGS workflows and quality specifications are heavily reliant on laboratory specific
procedures [13,14]. Therefore, current NGS analyses are characterized by the lack of
standardized procedures, the diversity of quality metrics criteria, and the high variability
of the assessed genes and variant reporting criteria [15]. To address the need for harmo-
nization procedures, the PETHEMA cooperative group implemented the first Spanish
nationwide NGS testing strategy. Regular rounds of cross—validation were planned
in order to identify weaknesses and to establish consensus quality metrics criteria for
variant reporting among seven central laboratories in AML molecular diagnosis.

Networking for NGS studies allowed us to identify challenges in its clinical imple-
mentation [9]. The first CV round revealed the absence of AML key genes in some NGS
approaches, and consequently a consensus set of relevant genes for the clinical management
was defined. Next steps of the diagnostic platform enabled us to unify variant reporting
according to the role of genes in diagnostic classification, prognostic utility and targeted
therapy. Cooperative studies have also allowed us to address technical challenges. Com-
parison of results between centers facilitates discrimination of polymorphic variants and
sequencing artifacts from real AML-related variants [7].

Our results demonstrated that NGS standardization in the context of a cooperative
group is possible with a concordance of 96.6% in variant detection (VAF > 5%). Noteworthy,
the detection of low VAF (<5%) variants (concordance 41.2%) was also consistent with
previous studies, which report that accurate detection of low VAF variants by NGS could
be compromised. CV rounds results reflected the improvement of the diagnostic platform
performance as the error rate decreased in variants VAF > 5% as a result of the experience
gained in NGS studies. Although the second CV round included 5 variants with a mean
VAF of 3.3%, in the third CV round we aim to explore the performance of NGS studies
in very low VAF variants. For this purpose, we included 11 variants with a mean VAF of
1.2%. Data analysis revealed an increase of the ER between both CV rounds due to the very
low VAF variants of the third CV round. Consequently, we established VAF 5% cut-off for



Cancers 2023, 15, 438

14 of 21

variant reporting, although according to other specific studies, variants in hotspot regions
were reported up to 1% VAF even at borderline technical quality [16-18].

Our results reflect that a comprehensive NGS approach is suitable for defining the
molecular profile of AML as over 96% of patients of the “real-life” PETHEMA cohort
harbored at least one mutated gene. Our study also reflects the genomic heterogeneity
that encompasses AML (13,14) as several gene-to—gene interactions but also co-occurrence
and mutual exclusivity patterns across functional categories were described. Recently,
published studies have highlighted the impact of co-mutations in modulating treatment
response [19,20].

Similarly, distinct mutational profiles were detected among disease stages, reflecting
the clonal evolution of AML [1,21]. In fact, when compared to the diagnosis” molecular
profile we detected fewer mutational changes in resistance to induction therapy (51%) than
relapse AML patients (87%) which may suggest different mechanisms underlying both
moments [22-25]. Clonal evolution of the disease could be especially relevant for treatment
response [26,27], and in relapsed AML patients, our results supported that molecular
testing should be conducted again in order to identify targetable abnormalities such as
FLT3 mutations, which showed a stability rate of 43.3% in our cohort [28].

In addition to mutational changes according to disease stages, specific mutational
profiles have been associated to patient’s clinical characteristics, such as sex and age, with
significant impact on prognosis, therapeutic allocation and disease monitoring [29]. In
fact, we report that young patients show a mutational profile very similar to female AML
patients, which allows them to benefit more from targeted therapies due to higher fre-
quency of FLT3 mutations [30-33]. In contrast, male and elderly patients show a molecular
profile with a higher frequency of adverse risk genetic abnormalities and limited targeted
therapy opportunities [34-36]. Indeed, some studies suggest that these features should be
considered as an essential variable in clinical trials to deepen understanding of the disease
and to identify new treatment opportunities [37,38].

Molecular diagnosis of AML has shifted towards a comprehensive mutational study
driven by NGS, yielding large amounts of data. Updated diagnostic (WHO and ICC) and
prognostic (ELN) classifications [3-5] include an increasing number of genetic abnormalities,
which may challenge its applicability in many countries and institutions who cannot
afford molecular data integration. However, comprehensive molecular analyses, as the
recent revision of the genomic classification of AML are needed to understand the clinical
relevance of molecular biomarkers to define novel clusters with prognostic value. In our
comparison between genomic AML classification and 2022 ELN risk stratification we did
not find differences in OS for favorable, intermediate and adverse risk groups. However,
for a comprehensive comparison it would be necessary to evaluate the prognosis impact of
individual genetic abnormalities in larger cohorts. Mutations in sSAML genes are considered
in both risk classification proposals with different prognostic impact [2,5]. Although ELN
guidelines associate mutations in “myelodisplasia—related genes” as adverse risk regardless
of the number of mutations, our results found significant differences in the OS between
sAML1 and sAML2 patients, as described by Tazi et al., (p = 0.018). In this sense, further
studies are needed in order to certainly clarify the impact of sSAML mutations on prognosis.

Regarding TP53 mutations, in the PETHEMA cohort, 47 patients were included in
the mono-allelic group (32.9%), while 96 were included in the multi-hit group (67.1%).
Similar results were described in the Tazi et al. cohort: mono-allelic (31.1%) vs. multi—hit:
(68.9%). We did not find a distinct outcome between these groups, although the sample
size was limited to draw solid conclusions. Our results are concordant with Tazi et al.,
who concluded that the allelic state of TP53 (mono allelic or multi-hit) provide no further
prognostic information in AML.

On the other hand, recent studies reported that instead of biallelic mutations, only
in—frame mutations in the bZIP domain of CEBPA should be considered as a favorable
prognosis marker [39]. In our cohort, the percentage of patients with CEBPA bZIP mutations
is similar to the CEBPAbi subgroup reported by Tazi et al., (1.2% vs. 1.8%) and in both
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cases, OS analysis includes them within a favorable risk subgroup. However, CEBPAbi and
CEBPA bZIP may be overlapping categories in some patients as several studies suggest
that CEBPA double mutated frequently includes mutations in the C—terminal region which
allocated bZIP domain [40]. Moreover, we believe that the recent recognition of in—frame
mutations in the bZIP domain of CEBPA as a prognostic biomarker may allow for more
homogeneous analysis by reducing the variability in the interpretation of the biallelic
character of these mutations [41].

5. Conclusions

This report reflects the efforts of the PETHEMA cooperative scientific group to adopt a
nationwide strategy network of reliable and consistent NGS analyses. The establishment of
consensus subset genes and the periodic CV rounds have strengthened the diagnostic net-
work by unifying analysis criteria and decreasing reporting variability. Molecular analyses
through NGS are routinely performed for AML patients and a comprehensive molecular
profile of the disease is offered to clinicians in order to individualize the therapeutic strategy.
Moreover, NGS results have provided a large amount of molecular data that has revealed
the molecular complexity of the disease. In this cohort, mutual exclusion and mutational
co—occurrences among genes and functional categories have been deciphered and a distinct
molecular profile between age groups at diagnosis and sex has been detected. Moreover,
clinical validation of the current genomic classification in the “real-life” PETHEMA co-
hort has demonstrated the correlation of the molecular subgroups with clinical prognosis,
reflecting the utility of the cooperative NGS studies in routine molecular diagnostics.
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Appendix A

Institutions and clinicians participating in the PETHEMA epidemiologic registry of
acute myeloid leukemia and acute promyelocytic leukemia.

Argentina (Grupo Argentino para el Tratamiento de la Leucemia Aguda—GATLA)—
Hospital de Clinicas, Buenos Aires: F. Rojas; H. Longoni; Fundaleu, Buenos Aires: G.
Milone, I. Ferndndez, Clinica Conciencia, Neuquén: R. Ramirez; Hospital Rossi, La Plata:
C. Canepa, S. Saba, G. Balladares, Hospital General San Martin, Parana: G. Milone, C.
Ventiurini, R. Mariano, P. Negri; Hospital Italiano de La Plata, La Plata: M. V. Prates, J.
Milone; Hospital General San Martin, La Plata:P. Fazio, M. Gelemur; Hospital Clemente
Alvarez, Rosario: G. Milone, S. Ciarlo, F. Bezares; Hospital de Cérdoba, Cérdoba: L.
Lopez, Hospital Privado de Cérdoba, Cérdoba: J. J.Garcia; Instituto Privado Hema-
tologia, Parana: P. Negri, M. Giunta, G. Milone; Hospital Teodoro Alvarez, Buenos
Aires: M. Kruss; Hospital Tornd, Buenos Aires: D. Lafalse, G. Milone; Hospital Gober-
nador Centeno, La Pampa: E. Marquesoni, M. F. Casale; Hospital Italiano de Buenos
Aires, Buenos Aires: A. Gimenez, E. B. Brulc, M. A. Perusini; Complejo Médico Policia
Federal, La Plata: G. Milone, L. Palmer; Colombia (Asociacién Colombian de Hema-
tologia y Oncologia—ACHO)—Clinica La Estancia, Popayan: M. E. Correa; Fundacion
Valle del Lili, Cauca: FJ. Jaramillo, ]J. Rosales; Instituto FOSCAL, Bucaramanga: C.
Sossa, J. C. Herrera; Hospital Pablo Tobén Uribe, Antioquia: M. Arango; Poland (Polish
Adult Leukemia Group—PALG)—City Hospital Legnica, Baja Silesia: J. Holojda; IHIT
Hematology and transfusiology institute, Warszawa: A. Golos, A. Ejduk; Wojewodzki
Szpital Specjalistyczny w Olsztynie, Olsztyn: B. Ochrem; WIM (Military Institute of
Medicine in Warsaw), Warszawa: G. Malgorzata; Poland Medical University of War-
saw Banacha, Warszawa:A. Waszczuk-Gajda, J. Drozd-Sokolowska, M. Czemerska, M.
Paluszewska; Medical University School Gdansk, Gdansk: E. Zarzycka; Wojewo6dzki
Szpital Specjalistyczny im. Sw.. Jadwigi Slaskiej, Opole: A. Masternak; Hospital Br-
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