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AML is not one disease: Varied outcomes with Intensive Chemotherapy (IC)

* This population of patients had been treated with standard intensive chemotherapy.

ELN, European LeukemiaNet 1. Döhner H, et al. Blood 2022; 144:1345–1377; 2. Adapted from Haferlach C, et al. Blood 2016; 128:286. 

ELN 20221
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OS in patients aged <60 years with de novo AML* 
(N=867)2

Favorable • t(8;21)(q22;q22.1)/RUNX1::RUNX1T1
• inv(16)(p13.1q22) or t(16;16)(p13.1;q22)/CBFB::MYH11
• Mut NPM1 w/o FLT3-ITD 
• bZIP in-frame mut CEBPA

Intermediate • Mut NPM1 with FLT3-ITD
• Wt NPM1 with FLT3-ITD
• t(9;11)(p21.3;q23.3)/

MLLT3::KMT2A
• Cytogenetic and/or molecular 

Adverse • t(6;9)(p23.3;q34.1)/DEK::NUP214 
• t(v;11q23.3)/KMT2A-rearr
• t(9;22)(q34.1;q11.2)/BCR::ABL1
• t(8;16)(p11.2;p13.3)/KAT6A::CREBBP
• inv(3)(q21.3q26.2) or 

t(3;3)(q21.3;q26.2)/GATA2,MECOM(EVI1)
• t(3q26.2;v)/MECOM(EVI1)-rearr
• –5 or del(5q); –7; –17/abn(17p) 
• Complex/monosomal karyotype
• Mut ASXL1, BCOR, EZH2, RUNX1, SF3B1, SRSF2, STAG2, 

U2AF1, or ZRSR2
• Mut TP53



Cytogenetic and Mutational Landscape of AML

Papaemmanuil E et al, NEJM 2016 Bataller A et al, AJH 2024

By Age

*indicates mutations with significantly different incidence by age group



The Rapidly Evolving Treatment Landscape of AML 

FDA Approvals

2017 20242018 2019 2020 2021 2022 2023

Midostaurin
FLT3 inhibitor

ND FLT3mut AML in 
combination with
intensive chemo

April 2017

Enasidenib
August 2017

CPX-351
Liposome-
encapsulated 
daunorubicin + 
cytarabine
ND tAML or AML-
MRC

August 2017

Gemtuzumab 
ozogamicin

Anti-CD33 ADC
ND or R/R CD33+ AML 
as single agent or in 
combination with 
chemotherapy

September 2017

Ivosidenib
July 2018

IDH2 inhibitor
IDH2mut R/R AML 
as a single agent

Glasdegib
November 2018

Venetoclax
BCL2 inhibitor
ND AML ineligible for intensive 
chemo in combination with LDAC 
or HMA

November 2018

Gilteritinib
FLT3 inhibitor
R/R FLT3mut AML as a 
single agent

November 2018

Hedgehog inhibitor
ND AML ineligible for intensive 
chemo with LDAC

IDH1 inhibitor
IDH1mut R/R AML 
as a single agent

Ivosidenib
IDH1 inhibitor
ND IDH1mut AML 
ineligible for intensive 
chemo as single agent

May 2019

Oral azacitidine
Oral HMA
Maintenance therapy 
following intensive chemo

September 2020

Decitabine/cedazuridine
Oral HMA
ND or R/R MDS 
(also ND AML in Europe in Sept 2023)

July 2020

Olutasidenib
IDH1 inhibitor
R/R IDH1mut AML as a 
single agent

December 2022

Quizartinib
FLT3-ITD inhibitor
ND FLT3ITD AML in 
combination with 
intensive chemo

July 2023

Revumenib
Menin inhibitor

R/R AML with a KMT2A 
translocation as a single agent

November 2024

May 2022

Ivosidenib
IDH1 inhibitor
ND IDH1mut AML ineligible for intensive 
chemo in combination with azacitidine



Slide credit: clinicaloptions.com

VIALE-A : AZA + VEN for older IC-ineligible AML

Events, n (%)
Median OS, 

months (95% CI)

AZA + VEN (n = 286) 222 (77.6) 14.7 (12.1–18.7)

AZA + PBO (n = 145) 138 (95.2) 9.6 (7.4-12.7)

HR: 0.58 (95% CI: 0.47-0.72); P <.001
Median follow-up: 43.2 mo

Pratz K et al, AJH 2024

Patients at Risk, n
AZA + PBO 
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By ELN 2017 or 2022 recommendations, most patients are categorized as adverse risk group

NCCN 2016
ELN 2022ELN 2017
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• Favorable-risk patients in ELN 2022 are primarily those with an NPM1 mutation. Patients with favorable-risk cytogenetics such as t(8;21), inv(16), t(16;16) or t(15;17) were excluded from the trials
• The increase in the adverse-risk group is largely driven by myelodysplasia-related genetic signature genes: RUNX1, ASXL1 (ELN 2017); BCOR, EZH2, SF3B1, SRSF2, STAG2, U2AF1, ZRSR2 (ELN 2022)

Dohner H et al, Blood 2024



Neither ELN 2017 nor 2022 discriminate optimally for patients receiving VEN-based therapies

Dohner H et al, Blood 2024



Döhner H et al, Blood 2024

TP53 mutated

TP53WT, No FLT3-ITD, K/NRASWT

FLT3-ITD or K/NRAS mutated

Some genomically defined groups do better than others : but better treatment 

outcomes are needed for most, if not all, transplant-ineligible pts 

mPRS = modified prognostic risk signature



Outcomes with HMA+VEN in
more “favorable” subgroups 
like NPM1, IDH1, IDH2 and 
RUNX1 all depend on 
presence/absence of the 
signaling mutations FLT3-ITD
and N/KRAS

• Green = no signaling mutation
• Blue = signaling mutation (either

FLT3-ITD, KRAS or NRAS)
• Purple = all together 

Dohner H et al, Blood 2024



ELN, European LeukemiaNet

¹Döhner H, et al. Blood 2022; 144:1345–1377, ²Döhner H, et al. Blood 2024; 144:2169-2173 

ELN 20221 

(Intensive treated patients)
Favorable • t(8;21)(q22;q22.1)/RUNX1::RUNX1T1

• inv(16)(p13.1q22) or t(16;16)(p13.1;q22)/CBFB::MYH11
• Mut NPM1 w/o FLT3-ITD 
• bZIP in-frame mut CEBPA

Intermediate • Mut NPM1 with FLT3-ITD
• Wt NPM1 with FLT3-ITD
• t(9;11)(p21.3;q23.3)/

MLLT3::KMT2A
• Cytogenetic and/or molecular 

Adverse • t(6;9)(p23.3;q34.1)/DEK::NUP214 
• t(v;11q23.3)/KMT2A-rearr
• t(9;22)(q34.1;q11.2)/BCR::ABL1
• t(8;16)(p11.2;p13.3)/KAT6A::CREBBP
• inv(3)(q21.3q26.2) or 

t(3;3)(q21.3;q26.2)/GATA2,MECOM(EVI1)
• t(3q26.2;v)/MECOM(EVI1)-rearr
• –5 or del(5q); –7; –17/abn(17p) 
• Complex/monosomal karyotype
• Mut ASXL1, BCOR, EZH2, RUNX1, SF3B1, SRSF2, STAG2, 

U2AF1, or ZRSR2
• Mut TP53

ELN 20242

(Less-intensive therapies)
Favorable • Mutated NPM1 (wild-type FLT3-ITD, NRAS, KRAS, TP53)

• Mutated IDH2 (wild-type FLT3-ITD, NRAS, KRAS, TP53)
• Mutated IDH1* (TP53 wild type)
• Mutated DDX41†
• Other cytogenetic and/or molecular abnormalities (wild-

type FLT3-ITD, NRAS, KRAS, TP53)‡

Intermediate • Mutated FLT3-ITD and/or Mutated NRAS and/or KRAS 
(TP53 wild-type)

Adverse • Mutated TP53

Updated AML classifications reflect the impact on genomics 
associated with DIFFERENT AML therapies

 This classification does not apply to pts that have received a prior HMA 

* Favorable mutated IDH1 risk applies specifically to patients treated with 
AZA + IVO and appears irrespective of signaling gene mutations

† Identification of a DDX41 mutation (especially VAF ~ 50%) should prompt 
consideration of a germline mutation

‡ For many genomic abnormalities, not enough data is currently available 



Minimal/Measurable Residual Disease (MRD)
• Quantification of MRD increasingly important in patients achieving CR

to better assess risk of relapse 

METHOD TARGET SENSITIVITY PROS/CONS
Cytogenetics Chromosomal abnormalities 1 in 20 (5%) Cheap, readily available

Applicable for ~50% AML

Flow Cytometry Leukemia-associated aberrant 
immunophenotype (LAIP) or 
Different from Normal (DFN)

1 in 10,000 (0.01%) Applicable to most AML
Relatively cheap & fast (2-3d)
Not easily standardized
Subject to expertise & 
interpretation

Quantitative PCR
(qPCR)

Fusion transcripts (CBFs), gene 
mutations (NPM1)

Up to 1 in 100,000
(0.001%)

Highly sensitive
Very standardized
Applicable for ~30-40% AML

NGS (mutation 
analysis)

Any somatic mutations Up to 1 in 10,000 (0.01%)
But typically ~1%

Genetic heterogeneity, clonal 
architecture complicate analysis.
Long TAT (5-14 days)



Short NJ et al., JAMA Oncol. 2020;6(12):1890-1899
Freeman SD et al., J Clin Oncol., 2018 May 20;36(15):1486-1497 
Ivey A et al.,  N Engl J Med., 2016 Feb 4;374(5):422-33
Othman J et al., Blood. 2024 May 9;143(19):1931-1936
Rücker FG et al., Blood, 2019 Nov 7;134(19):1608-1618
Puckrin R et al., Haematologica. 2021 Jan 1;106(1):56-63 Heuser M et al., Blood. 2021 Dec 30;138(26):2753-2767

MRD has a strong predictive value for survival in patients undergoing 
intensive chemotherapy



56 new recommendations!!!

High level > two main new ones

1) Moving away from just MRD +/-

2) FLT3-ITD NGS-MRD as a prognostic and 
predictive biomarker

New ELN MRD Guidance (and there’s an app for that!)

Cloos J, et al. Blood. 2026 Mar 12;147(11):1147-1167. 

“Warning” applies to MRD markers like CBF transcripts or 

NPM1 cDNA, but has not been defined for FLT3-ITD



PCR based MRD for AML in CR1 with NPM1 mutation 
impacts RFS and OS – Standard of Care Monitoring

.

Most prognostic time-point was after 2nd cycle  

Ivey A et al, NEJM 2016

*Strongly supports consideration of transplant in “favorable” risk patients who do not attain MRD negative CR1



NPM1m AML: Decisions must integrate MRD

• N=1357 NPM1-mut AML 
from AML17 or AML19 NCRI 
studies

• MRD negativity after 2 
treatment courses remains the 
major determinant of outcome 
(even in FLT3-ITD mutated pts)

• Intensified chemotx with FLAG-
IDA was associated with 
improved outcomes, especially 
in high-risk molecular 
subgroups (>50% reduction in 
risk of relapse)

Othman J et al, Blood 2024



Median OS is ~3 yrs for flow cytometric MRD < 10-3 CR/CRi patients on Ven+Aza

Patients at Risk
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No. of events/No. 
of patients (%)

OS (months)
median (95% CI)

Ven+Aza MRD < 10-3 43/69 (62) 34.2 (27.7, 44.0)

Ven+Aza MRD ≥ 10–3 76/96 (79) 18.7 (12.9, 23.5)

Pbo+Aza MRD < 10–3    9/11 (82) 25.0 (7.0, 39.8)

Pbo+Aza  MRD ≥ 10–3 23/24 (96) 15.1 (7.4, 26.4)

Ven+Aza 
MRD < 10–3

Ven+Aza 
MRD ≥ 10–3

Pbo+Aza 
MRD < 10–3

Pbo+Aza  
MRD ≥ 10–3

* 41% of CR/CRi pts (67 of 164) 
attained MRD < 10¯³ by 

centralized flow cytometry

Pratz K et al, AJH 2024



Othman J et al, Blood 2024

NPM1 MRD Neg status by RT-qPCR provides valuable prognostic information
(n=76 patients with NPM1m AML attaining CR/CRi w frontline VEN + LDAC or HMA)



Most cancers are NOT hereditary : but a substantial minority are!

 

10-15% familial 5-10% hereditary

75-85% sporadic

CLL
Lymphomas
MPNs

One-gene disorders / 
Mendelian Genetics:
Breast Ca
Colon Cancer
AML

Example: Familial lymphoma
• First degree relatives of an individual affected with a lymphoid 

malignancy have between at 1.7-8.5-fold increased risk to develop a 
lymphoid malignancy (CLL the highest risk)

• Twin studies of monozygotic twins show 100-fold increased risk for HL
• But very few causative single genes identified 



Clinical Features Prompting Consideration of Genetic Testing
Clinical features
Personal history of ≥2 cancers, 1 of which is a hematopoietic malignancy (order does not matter) 

Personal history of a hematopoietic malignancy plus:
 • Another relative within two generations with another hematopoietic malignancy, or
 • Another relative within two generations with a solid tumor diagnosed at age 50 or younger, or
 • Another relative within two generations with other hematopoietic abnormalities 

Presence of a deleterious gene variant in tumor profiling that could be a germline allele, especially if that variant is
present during remission* 

Age of diagnosis of hematopoietic malignancy at an earlier age than average (eg, MDS diagnosed ≤ 40 y) 

Germline status of a variant is confirmed by: 

 Its presence in DNA derived from a tissue source not likely to undergo somatic mutation frequently (eg, cultured 
skin fibroblasts or hair follicles) AND at a variant allele frequency consistent with the germline (generally considered 
between 30-60%), or 

 Its presence in at least two relatives at a variant allele frequency consistent with the germline 

Dohner H et al, Blood 2022.  2022 ELN Recommendations

*Certain gene alleles (i.e. DDX41 truncating variants) are overwhelmingly likely to be germline and should prompt 
consideration of germline testing





 Our MDACC Heme Malignancy NGS “EndLeukemia” Panel 
(designed for somatic mutations)

• Identification of a 
pathogenic mutation at 
heterozygous frequency (VAF
~50%) in a “red-box” gene(s)
should prompt consideration
of germline status

• But this does not replace 
genetic testing!  Many NGS 
panels do NOT sequence the 
entire gene, do not test 
promoter and intron regions,
will miss small deletions, and
does not test all relevant 
HHM genes

Courtesy of Keyur Patel, MDACC Molecular Diagnostics Lab



How do you order genetic testing?

1. You shouldn’t perform genetic testing on peripheral blood or 
buccal or saliva samples in patients with active heme malignancy 
… you will NOT be able to tell what is somatic and what is germline since you
are testing the circulating tumor !

2. Cultured skin fibroblasts from a skin punch biopsy (not a shave 
biopsy) is the gold standard.  

3. Many clinical genetic testing labs do not have ability to process 
skin samples (and these procedures take time and planning)

4. Nail clippings and hair follicles also provide appropriate germline 
DNA - but very small amounts and not routine for most labs (yet)



DDX41-associated susceptibility to heme malignancies

Ding L, Nature 2012
Polprasert, Maciejewski et al, Blood 2013

GERMLINE
               →

SOMATIC →

• Autosomal dominant MDS/AML often presenting at older age (median 65 yrs) often with 
hypocellularity and diploid cytogenetics

• RNA helicase enzyme involved in RNA metabolism, spliceosome function, ribosome 
biogenesis and innate immune regulation 



Prevalence and significance of DDX41 variants in the general population

Kovilakam SC et al, Blood 2023

• DDX41 germline variants common in general population (1 in 129 individuals)
• DDX41 germline PATHOGENIC variants relatively common (1 in 429 individuals)



MDACC Experience: Improved OS with Venetoclax and HSCT  

Improved Outcomes with addition of VEN Improved Outcomes with HSCT*

Bataller A et al, Leukemia 2023

* post-transplant cyclophosphamide as standard of care



Common 
somatic 
alterations in 
pts with HHMs

Slide courtesy of Marcin Wlodarski



American Society of Hematology  |  

The MEASURE Genome Atlas (Hourigan Lab; Yu #455 ASH) 
• MEASURE clinical protocol (NCT05224661)

• 18 high-volume transplant centers in the US

• Adult with AML undergoing Allogeneic hematopoietic cell 

transplantation (alloHCT)  in CR

• N=255 patients included

• AML Temporal Landscape Analysis by Sequencing (“ATLAS”)

• Samples:
• Time of diagnosis (TOD) 
• Complete Remission (CR)

• WGS on Illumina platform
• TOD:  59-300X (median=117X)
• CR:   24-89X (median=37X)

• Bioinformatics framework:
• DRAGEN Heme WGS Tumor Only analysis  
• DRAGEN Tumor/CR paired analysis
• Other secondary analysis as indicated



American Society of Hematology  |  

~70% pts had AML/cancer-related features identified by WGS
Patients with novel genomic findings by WGS

(Oncogenic variants)

None

Structural
& small Structural

Small

Additional findings in each category

atlas@measuremrd.org



American Society of Hematology  |  

Driver fusion genes missed by standard cytogenetics

• NUP98-r

• Atypical MECOM-r

• Other cryptic fusions:

KMT2A, RUNX1, NPM1, etc

atlas@measuremrd.org

*color indicates the fraction missed by karyotyping or FISH



American Society of Hematology  |  

WGS reveals hidden genomics of normal karyotype AML

More than half of patients determined to be normal

karyotype by metaphase cytogenetics are not 

normal by WGS

atlas@measuremrd.org



American Society of Hematology  |  

WGS at CR helps identify potential inherited 
myeloid malignancy predisposition variants

• WGS in CR identified oncogenic variants likely to be germline.

• ~10% of patients carry a likely germline variant that could 
cause autosomal dominant myeloid-predisposition 
syndrome.

• >50% of these germline-risk patients would have been missed 
by routine clinical testing

AD: Autosomal dominant       AR: Autosomal-recessive

atlas@measuremrd.org



American Society of Hematology  |  

Prognostic or potentially therapeutic significance from ATLAS genomes 
(n=255)

• WGS can recapitulate 
standard AML clinical 

diagnostic workup 

• Enhanced resolution and 
coverage empowered to 
capture additional variant 

types

• WGS at CR allows further 
refinement, interpretation, 

and discovery of oncogenic 
variants. 

atlas@measuremrd.org



• AML therapeutic options continue to 
improve, with increasingly individualized 
and effective treatments 

• Awareness of genomics (cytogenetics and
mutational data) are essential to 
determine optimal treatment

• MRD testing is critical to guide post-
remission decisions: MRD standardization
approaches have expanded access

• Inherited predispositions to heme 
malignancy are not so rare!  Requires 
attention and often additional work-up 
and evaluation 

Conclusions


