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Abstract: Understanding the evolution patterns in patients diagnosed with acute myeloid leukemia (AML)
after therapy is relevant due to the dismal outcome still present in refractory or relapsed AML patients. We
performed a retrospective, single-center study to evaluate the mutation profile in paired samples obtained at
the time of diagnosis and at the onset of progressive or refractory disease in patients diagnosed with AML
through a commercial next-generation sequencing (NGS) panel. In total, 62 patients were analyzed. Of these,
28 patients received ICT, and 34 patients underwent low-intensity treatments. In LIT patients, there were
emergent mutations at progressive disease in a 64% (22/34) of the patients. Emergent mutations in the RAS-
MAPK signaling pathway were observed in 35.9% (12/34) , corresponding to 54.5% of all patients with
emergent mutations (12/22). These were found in 12/22 patients that received venetoclax in combination with
hypomethylating agents. Six presented mutations in genes related to the RAS-MAPK pathway. Emerging
mutations are frequently observed at progressive AML disease after therapy. In patients treated with LIT,
mutations in RAS-MAPK signaling pathway might have a key role on the secondary clinical resistance, not
only if they are present at diagnosis, becoming a potential target for the development of new drugs.

Keywords: clonal evolution; NGS; escape mechanisms; low-intensity treatment; AML

1. Introduction

Acute myeloid leukemia (AML) is a diverse clonal disorder arising from the hematopoietic stem
cell, resulting in compromised hematopoiesis and uncontrolled proliferation of abnormal myeloid
clones within the bone marrow[1]. At diagnosis, the biological characteristic of AML plays a pivotal
role in determining the disease prognosis, influencing both the anticipated response to therapy and
overall survival.

Recent advancements in comprehending the pathogenic mechanisms have witnessed the
introduction of novel targeted therapies, with an increase in the therapeutic arsenal and an
improvement of the overall survival in specific patient subgroups. Despite these efforts, frontline
therapy for younger, fit patients continues to rely on standard intensive chemotherapy (ICT) followed
by allogeneic stem cell transplantation (alloHCT), stratified by the relapse risk at the time of
diagnosis[2]. Also, primary refractory or relapsed acute myeloid patients (R/R AML) continue to face
dismal outcomes|[3].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Notably, significant progress has been made in drug development, particularly for elderly
patients where traditional intensive chemotherapy regimens may not be viable. Therapeutic
modalities such as BCL2-inhibitor venetoclax-based regimens[4-8], IDH-1 and IDH-2 inhibitors
ivosidenib[9] and enasidenib[10], FLT3-inhibitors such as midostaurin[11] or gilteritinib[12], CD33
monoclonal antibody gemtuzumab-ozogamicin[13] or the recent introduction of menin inhibitors
like revumenib[14] for KMT2A and NPM1 AML patients.

In this context, understanding the potential evolution patterns in R/R AML patients becomes
crucial to tailor optimal therapeutic strategies, given the inherent limitations. Advanced techniques
such as whole-genome sequencing and single-cell analysis have been employed to unravel diverse
clonal evolution mechanisms, ranging from linear to branching patterns, all likely within the same
disease.

This study delves into the genomic profile of AML patients after relapse or refractoriness to
treatment, aiming to elucidate clonal evolution mechanisms shortly after the event. The insights
gained from this study might hold some potential to inform subsequent clinical decisions and refine
therapeutic approaches for this challenging patient population

2. Endpoint.

The primary endpoint was to analyse the clonal evolution at the time of disease progression in
AML, either following initial refractoriness or relapse, in order to identify recurrent mutational
patterns associated with specific treatment regimens, and their potential relationship to clinical
events.

3. Results

3.1. Baseline characteristics.

In total, 62 patients with paired samples were analyzed in the study. Of these, 28 patients
received treatment with ICT, and 34 patients underwent LIT. Notably, patients treated with LIT
tended to be older (73y vs. 66y, p = 0.08), had a lower white blood cell count at diagnosis (0.6x109/L
vs. 12.1x109/L, p < 0.001) higher frequency of adverse risk according to the ELN 2022 classification
(70.6%, vs. 32.1%, p = 0.008), and also more cases of R/R AML (21.2%, vs 0%, p = 0.002). Additionally,
patients receiving ICT underwent more alloHCT as consolidation treatment after the initial therapy
(42.9% vs. 17.6%, p = 0.04). The detailed baseline characteristics can be found in Table 1.

Table 1. Baseline characteristics of all patients. ELN: European LeukemiaNet, WBC: White blood
cell, AlloHCT: Allogeneic hematopoietic stem cell transplantation. LIT: Low-intensity treatments.

doi:10.20944/preprints202401.0604.v1

All patients ~ Standard Chemotherapy Low-intensity

Baseline Characteristics (N = 62) (n = 28) regimens p
(n=34)
Age, median (range) 70 (32-85) 66 (36-76) 73 (47-82) 0.08
Sex 0.85
Female 32 (51.6) 15 (53.8) 17 (50)
Male 30 (48.4) 13 (46.2) 17 (50)
ELN 2022 Risk status 0.009
Favorable 13 (21) 11 (39.3) 2(5.9)
Intermediate 16 (25.8) 8 (28.6) 8 (23.5)
Adverse 33 (53.2) 9 (32.1) 24 (70.6)

Prior treatments to study, n (%) 0.002
Standard chemotherapy 5(8) 0 (0) 5(14.7)
Hypomethylating agents 4 (6.5) 0 (0) 4 (6.5)

Treatment-naive 50 (82.6) 29 (100) 21 (61.8)
Disease status at reevaluation, n (%) 0.48
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Primary refractoriness 10 (16.1) 3 (10.7) 7 (20.6)
Relapsed disease 52 (83.9) 25 (89.3) 27 (79.4)
WBC count, median (range) 4.2 (0.4-72.4) 9.9 (0.46-72.4) 3.57 (0.4-30.4) <0.001
AlloHCT, n (%) 18 (29) 12 (42.9) 6 (17.6) 0.04

3.2. Standard intensive chemotherapy (ICT)

In the ICT group, the most common diagnosis, was AML with mutated NPM1 (50%, 14/28). All
patients in this group were treatment-naive before ICT, with 5 demonstrating initial treatment
refractoriness and the remaining 23 relapsing after an initial response. The median number of
mutations detected at diagnosis and relapse were 3 (range 1-7) and 4 (range 0-9), respectively (p =
0.24).

Among refractory patients, only one presented emergent mutations after therapy. Among
patients who presented a relapse, we observed emergent mutations in 13 out of the 23 patients (56.5%)
in a diversity of genes, without a clear pattern of emerging mutations. Thus, emergent mutations
were observed in genes related to DNA methylation (DNMT3A, n=2; TET2, n=2), histone
modification (ASXL1, n=2), in the RAS-MAPK pathway (KRAS, n=2, NRAS, n = 1), FLT3-ITD, n=1,
and splicing factors (SETBP1 (n=2), SF3B1 (n=2), ZRSR and spliceosome PRFRS (n=1).

Regarding the subset of patients with NPM1 mutation NPM1, most patients (10/14) maintained
NPM1 mutation at relapse with the exception of 4 patients. In 3 / 4 patients with a NPM1wt relapse,
a common DNA methylation gene mutation was maintained at relapse (DNMT3A, 2, TET2, n=1),
with emergence or not of other mutations (patients in columns 6, 7 & 13), suggesting a common clonal
origin ancestor. In a unique patient initially diagnosed (no. 14), genomic characterization at relapse
did not identify any common gene mutation between diagnosis (TET2, NPM1) and relapse
(DNMT3A, TP53).

Furthermore, FLT3-ITD was not detected at relapse/refractoriness in 42.8% of the patients who
had it at initial diagnosis (3/7) (Figure 1).
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Figure 1. Mutational profile of AML patients treated with standard chemotherapy before treatment
and after relapse. The legend below shows the colour pattern of the analysis moment: Green: detected
previous to AML diagnosis, Purple: at AML diagnosis, Red: emergent mutation at relapse, Blue:
mutation detected at diagnosis but not present at relapse. Each patient’s profile is assessed
individually (numbers 1-34). Absolute frequency of events according to each mutation is displayed
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on the right side of the figure both graphically and in absolute numbers (1: detected previous to AML
diagnosis, 2: at AML diagnosis, 3: emergent mutation at relapse, 4: mutation detected at diagnosis but
not present at relapse).

Median overall survival after relapse was 10.5 months (range 7.4-31.2). Salvage treatments
offered after progressive disease in these patients included: ICT (n=1), azacitidine (n =2), venetoclax
and azacitidine (n = 3), azacitidine and FLT3 inhibitor sorafenib (n = 1) and enrollment in a clinical
trial (n = 4).

3.3. Low-intensity treatments

Low-intensity treatments with paired samples were analyzed in a total number of 34 patients
with 36 different LIT. LIT included: hypomethylating agents in monotherapy (n=12), venetoclax and
azacitidine (n = 21), azacitidine in combination with FLT3 inhibitors (n = 2) and azacitidine in
combination with IDH2 inhibitor enasidenib (n = 1).

Before starting LIT, 5 patients had previously received standard chemotherapy as frontline
therapy. Furthermore, 6 patients received initially hypomethylating agents in monotherapy as first
line treatment, and, after an initial progression, they were treated again with another LIT as salvage
regimen, being reassessed after each progressive disease. NGS was assessed at both times of
progression in 4 out of 10 of these patients. The remaining 23 patients received LIT as first-line for
AML (67.6%).

The most common diagnosis was AML with myelodysplasia-related gene mutations (50%), with
most of the patients (70.6%) in the adverse risk at initial diagnosis according to the ELN 2022 risk
stratification. In correlation with diagnosis, in these patients, mutations related with myelodysplasia
were the most common (RUNX1, n=10; STAG2, n=9; ASXL1, n=8), with 2 patients diagnosed with
mutated FLT3-ITD at diagnosis. No other mutations related to the RTK/RAS pathway were detected
at diagnosis. Baseline characteristics of patients are also displayed in table 1.

Median number of mutations at diagnosis and progression were 4 in both time-points (range 1-
10 and 0-10, respectively). Emergent mutations at progressive disease in a 64% (22/34) of the patients.

Appearance of mutations in the RAS-MAPK signaling pathway were observed in 35.9% (12/34)
of all treated patients, corresponding to 54.5% of all patients with emergent mutations (12/22).
Mutations in the RAS-MAPK pathway were found in: NRAS, (n =5); KRAS, (n =2); FLT3-ITD, (n =
2); single nucleotide variants in FLT3 (FLT3-SNV), (n = 3), CSF3R (n =2) and PTPN11, (n=1). All the
emergent in the signaling pathwa mutations emerged individually in each patient except in two
patients: one presenting a simultaneous emergency in NRAS, FLT3-SNV and KRAS and another one
with mutations occurring in CSF3R and FLT3-SNV. Other new mutations at progression were
detected in RUNX1 (n=2), STAG2 (n = 2), splicing genes such as ZRSR2 (n=1), SF3B1 (n =1) or SRSF2
(n=2), PHF6 (n=1), IDHI1 (n = 1) and IDH2 (n = 1). (Figure 2)

Splitting the patients according to the different treatments received, emergent mutations were
found in 12 out of the 22 patients that received venetoclax in combination with hypomethylating
agents. Six of these patients presented mutations in genes related to the RAS-MAPK pathway. In
patients receiving hypomethylating agents, half of them presented emergent mutations at
progression, with 5 out these 6 presenting mutations related to the RAS-MAPK pathway at
progressive disease.

Median overall survival in treated patients was 19.5 months (range 17.4-38.3) and median overall
survival after progressive disease was 6 months (range 3.7-13.3). Patients who presented an emergent
mutation in the RAS-MAPK pathway did not have a shorter survival (6.1 vs. 4.8 months, p = 0.68,
Supplementary Material). Salvage treatments offered after progressive disease in these patients
included: Venetoclax and azacitidine in 3 patients initially treated with hypomethylating agents in
monotherapy, with no response and no further analysis, targeted therapy (1 patient with FLT3
inhibitor sorafenib after an emergent mutation and another one with IDH2 inhibitor enasidenib) and
enrollment in clinical trials in 4 cases.
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Figure 2. Mutational profile of patients treated with low-intensity treatments before treatment and
after relapse. . The legend below shows the colour pattern of the analysis moment: Green: detected
previous to AML diagnosis, Purple: at AML diagnosis, Red: emergent mutation at relapse, Blue:
mutation detected at diagnosis but not present at relapse. Each patient’s profile is assessed
individually (numbers 1-34). Absolute frequency of events according to each mutation is displayed
on the right side of the figure both graphically and in absolute numbers (1: detected previous to AML
diagnosis, 2: at AML diagnosis, 3: emergent mutation at relapse, 4: mutation detected at diagnosis but
not present at relapse).

3.4. Subgroup analysis of patients with AML with mutated TP53

Interestingly, we performed parallel analysis on the patients harboring TP53 mutation at
treatment start (n=6), independently of the offered treatment due to the dismal outcome of this
subgroup. They maintained this mutation at progression in both types of treatment. Two additional
patients presented with an emerging TP53 mutation at relapse, one after standard chemotherapy
consolidated with an allogeneic stem cell transplantation and the remaining after venetoclax-based
LIT. Despite this initial response, only one patient was alive at the moment of data analysis

4. Discussion

Our examination of the mutational landscape after relapse or refractoriness to treatment in
sequential samples, holds promise for advancing our understanding of clonal evolution and escape
mechanisms in AML patients. The insights derived from this study could significantly contribute to
informed clinical decision regarding salvage therapies, using the benefits of accessibility and
sensitivity. It is essential to acknowledge the limitations of the study, including a small patient cohort
and inherent technical limitations. Despite these limitations, the findings offer valuable insights into
clonal selection in AML after therapy.

In the subgroup of patients treated with ICT, the results underscore the disease's heterogeneity,
not only at the time of diagnosis but also in its behavior during follow-up, showing diverse patterns
across all AML subtypes. The observed clonal evolution exhibits both linear evolution, marked by
the addition of mutations, as well as branching evolution, characterized by the loss of driver
mutations post-initial treatment or the emergence of mutations in signaling pathways. These results
echo the broad concept of clonal evolution in this setting and align with previous studies employing
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various molecular techniques to analyze clonal evolution, such as whole exome sequencing (WES),
RNA-sequencing, or single-cell sequencing [15-19].

We also observed, as previously described, the need of time for a clonal evolution and therapy
selection, since the biological architecture was only modified in one of the patients that showed an
initial refractoriness to treatment.

An example of the variety in the evolution mechanisms previously mentioned, is shown in our
series as the development of a second NPM1wt myeloid neoplasm patients after an initial AML with
NPML1: in our study, these cases presented as late relapses with the presence of mutations in age-
related clonal hematopoiesis genes, as previously described[20]. These situations offer a challenge for
clinicians to choose the best therapeutical option at the moment of relapse, having to consider the
previous treatments in this new setting.

On the other hand, in patients treated with LIT, we have observed emergent mutations in 62%
of the patients, with a consisting profile of emerging mutations in the RAS-MAPK signaling
pathways.

In patients treated with single hypomethylating agents, secondary resistance to azacitidine has
been found to be heterogeneous, describing linear and branching clinical patterns without a
distinguished mechanism[21].

Interestingly, we have also found a significant number of patients with emergent RAS-MAPK
mutations at relapse; however, given the small number of treated patients, larger cohorts are needed
to confirm our results.

The consistence of the clonal selection of mutations in the RAS-MAPK signaling pathways earns
relevance in the pathogenesis of secondary clinical resistance of patients treated with
hypomethylating agents in combination with targeted therapy in this study, including FLT3
inhibitors and BCL2 inhibitor venetoclax.

Our results are akin to the predominant selection of RAS-MAPK mutated clones after treatment
with midostaurin[22], where whole genome sequencing was used to study R/R AML patients after
therapy of the RATIFY. In this study, mutations in the RAS-MAPK pathway were more frequent as
a relapse mechanism than resistant FLT3-ITD clones, and gilteritinib, where it was seen using single-
cell that the emergency of these mutations at relapse was eventually due to the selection of these
subclones that were already present at diagnosis[23].

Finally, in patients treated with venetoclax in combination with hypomethylating agents (VenH)
the evidence found in our results enlightens the critical role of the RAS-MAPK pathway in the
resistance to venetoclax and azacitidine. At diagnosis, the significant prognosis of mutations in
signaling pathway regulators such as PIPN11 and FLT3 has already been shown in several
studies[24,25]. This relevance has been also highlighted in the recent risk stratification proposed by
Dohner et al.[26] based on the Viale-A4 study, where patients with FLT3-ITD and NRAS or KRAS
mutations have an intermediate risk with a shorter survival than most of the treated patients.

At relapse, some resistance mechanisms have been described, including the loss of dependence
of oxidative phosphorylation of the AML cells, the monocytic phenotype[30] of the clone or the
upstream regulation of other BCL-2 family proteins such as MCL-131,. In these last two resistance
mechanisms, the RAS-MAPK pathway has turned out to be essential, due to the presence of
mutations in NRAS/KRAS in the monocytic clones and the upstream regulation of MCL-1. Since this
evidence is based on a small number of patients, further knowledge y is needed to know whose
patients may benefit from new combinations. For instance, triplets with FLT3 inhibitors in FLT3mut
patients32 or FLT3wt patients[31] might be useful as they have been shown to restructure the
upstream regulation of MCL-1 in the AML cells.

5. Materials and Methods

A retrospective, single-center study was undertaken to evaluate the mutation profile in paired
samples obtained at the time of diagnosis and at the onset of progressive or refractory disease in
patients diagnosed with AML who received treatment at Hospital Clinic de Barcelona, Barcelona,
Spain.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 January 2024 doi:10.20944/preprints202401.0604.v1

A commercial next-generation sequencing (NGS) panel, specifically the Oncomine Myeloid
Research Assay® (ThermoFisher), employing Ion Torrent® technology, was used for mutational
analysis. This NGS panel comprehensively assesses the "hotspot" regions of 23 genes and the
complete coding sequence of 17 genes via DNA analysis; and the rearrangements of 29 fusion driver
genes through RNA analysis. These genes are recurrently associated with the pathogenesis of
myeloid neoplasms (Appendix B). AML was classified accordingly with the ICC 2022 and the WHO
5t classification of myeloid neoplasms [32,33], and previous treatment response was evaluated based
on the 2022 European LeukemiaNet Risk Classification (ELN 2022)2, following Cheson criteria[34].

Patients were categorized based on the received treatment: Standard chemotherapy (CETLAM-
12 or CETLAM-22 protocols) or low-intensity therapy (LIT), encompassing hypomethylating agents
in monotherapy (azacitidine or decitabine), venetoclax and azacitidine, azacitidine in combination
with FLT3 inhibitors (sorafenib or gilteritinib), and azacitidine in combination with IDH-2 inhibitor
enasidenib. AlloHCT, following ELN 2022 recommendations based on relapse risk after initial
therapy, was considered for patients in both subgroups. Clinical and biological patient characteristics
were obtained from medical records, and the study adhered to the principles of the Declaration of
Helsinki.

Statistical analyses included descriptive statistics for all patients, using median and range for
continuous variables and frequency and percentage for categorical variables. Univariate analysis of
categorical variables employed Fisher’s exact test or x2 test, while the t-test was used to compare
continuous variables. All p-values were two-sided, with statistical significance evaluated at the 0.05
alpha level. Statistical analyses were conducted using R statistics version 4.0.3 (R core Team, R
Foundation for Statistical Computing, Vienna, Austria).

6. Conclusions

We conclude that, emerging mutations are frequently observed at progressive AML disease after
therapy. In paé6resistance, not only if they are present at diagnosis, but also as emergent escape
mechanisms during response, becoming a potential target for the development of new drugs.
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Figure A1. Overall survival after relapse of patients treated with low-intensity treatments depending
on the emergency of mutations in the RAS-MAPK pathway after treatment.

Appendix B

Hotspot regions: ABL1, BRAF, CBL, CSF3R, DNMT3A, FLT3, GATA2, HRAS, IDHI1, IDH2,
JAK2, KIT, KRAS, MPL, MYD88, NPM1, NRAS, PTPN11, SETBP1, SF3B1, SRSF2, U2AF1, WT1

Full coding region genes: ASXL1, BCOR, CALR,CEBPA, ETV6, EZH2, IKZF1, NF1, PHF6,
PRPFS8, RB1, RUNX1, SH2B3, STAG2, TET2, TP53, ZRSR2

Fusion driver genes: ABL1, ALK, BCL2, BRAF, CCND1, CREBBP, EGFR, ETV6, FGFR1, FGFR2,
FUS, HMGAZ2, JAK2, KMT2A, MECOM, MET, MLLT10, MLLT3, MYBL1, MYH11, NTRK3, NUP214,
PDGFRA, PDGFRB, RARA, RBM15, RUNXI1, TCF3, TFE3

Figure Bl. Genes included in the targeted-NGS panel used for the study Oncomine Myeloid
Research Assay® , ThermoFisher Scientific)
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