
Exclusion of persistent mutations in splicing factor genes 
and isocitrate dehydrogenase 2 improves the prognostic 
power of molecular measurable residual disease 
assessment in acute myeloid leukemia

Accurate risk assessment is crucial for the management 
of patients with acute myeloid leukemia (AML).1 The de-
tection of measurable residual disease (MRD) after re-
mission induction therapies has been shown to be an 
independent risk factor for relapse and death.2 The use of 
next-generation sequencing (NGS)-based techniques to 
detect mutations found in leukemic cells has emerged as 
a promising approach for MRD assessment.3,4 One of the 
main challenges of this approach is differentiating be-
tween mutations that are found only in the leukemic cell 
population (henceforth termed “AML-related”) and those 
associated with clonal hematopoiesis (CH). The persist-
ence of CH during remission has not been associated with 
inferior clinical outcomes.5 Approaches involving genotyp-
ing of sorted populations or single cells are required to 
identify the cellular origins of the mutations, but they are 
not yet practical for routine clinical use.  
To overcome this challenge, a common practice is to ex-
clude mutations in three genes, namely DNMT3A, TET2, 
and ASXL1 (collectively known as DTA), from molecular 
MRD assessment,1,3,4 because they are among the most 
frequently mutated genes in people with clonal hemato-
poiesis of indeterminate potential (CHIP).6,7 However, mu-
tations in other genes are also found in CHIP carriers.6-8 
Moreover, the relative frequencies of CH-related muta-
tions in AML patients differ from those of CHIP carriers 
who, by definition, do not have any other hematologic ab-
normalities.5 This discordance is likely because the risk of 
AML development varies between different CH-related 
mutations.8 Thus, it is unclear whether DTA mutations are 
the optimal ones for exclusion in molecular MRD analysis 
in AML.  
To address the above uncertainty, we systematically ana-
lyzed the impact of exclusion of mutations in 22 myeloid 
malignancy-associated genes on the difference in clinical 
outcomes between patients stratified as MRD-positive 
(MRDPOS) and MRD-negative (MRDNEG). To perform this 
analysis, we studied 114 newly diagnosed AML patients 
who received high-intensity induction chemotherapy and 
achieved a complete remission. The clinical character-
istics of the patients are listed in Online Supplementary 
Table S1. We performed targeted conventional NGS analy-
sis on DNA extracted from their diagnostic peripheral 
blood or bone marrow samples. Variants classified as “be-

nign” or “likely benign” based on American College of 
Medical Genetics criteria were excluded from further 
analysis.9 During the remission phase, we collected a total 
of 223 peripheral blood samples upon count recovery at 
a median of 36 days after induction (n=93) or after one 
(n=93), two (n=35), or three (n=2) cycles of consolidation 
chemotherapy. Remission samples were collected at two 
different timepoints (designated as T1 and T2) for 95.6% 
(n=109) of the patients. The remaining patients (n=5) had 
one remission sample collected at T1. To detect mutations 
in the remission samples, we used a custom 37-gene hy-
brid capture panel and error-corrected NGS based on the 
duplex sequencing approach.10,11  
A total of 336 mutations in 35 genes were identified and 
passed the American College of Medical Genetics filtering 
step in the diagnostic samples. Of those, we excluded 26 
mutations in genes that were not covered by the custom 
panel for MRD detection from further analysis. A further 
13 mutations in five genes (PHF6, KDM6A, JAK2, KIT, CBL) 
were excluded because of a low number of mutational 
events per gene (≤4 events). The remaining 297 mutations 
were distributed across 22 genes in 101 patients. Muta-
tions in genes that share a common pathogenic mechan-
ism were analyzed as a group. The groups were splicing 
factor mutations (SRSF2, SF3B1, and U2AF1), RAS muta-
tions (KRAS and NRAS), and cohesin complex mutations 
(RAD21 and STAG2). Mutations in IDH1 and IDH2 were ana-
lyzed separately because of recent evidence demonstrat-
ing distinct clinical and co-mutational patterns between 
the two types of mutations in patients with myeloid ma-
lignancies.12 
The use of duplex sequencing enabled sensitive and ac-
curate measurement of the allele frequency of each mu-
tation in the remission samples. The distribution of 
mutant allele frequencies at T1 (Online Supplementary 
Figure S1A) and stability of the mutations between T1 and 
T2 were highly variable across the genes (Online Supple-
mentary Figure S1B). At one end of the spectrum were mu-
tations that demonstrated high levels of persistence and 
stability during remission, such as DNMT3A mutations. At 
the other end were mutations characterized by lower 
levels of persistence and higher probability of clearance 
with chemotherapy, such as NPM1 mutations. The char-
acteristics of most mutations fell somewhere between 
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Figure 1. Evaluation of the im-
pact of exclusion or inclusion 
of myeloid malignancy-asso-
ciated mutations on the pro-
gnostic power of molecular 
measurable residual disease 
assessment. (A) Heatmap sho-
wing each of the 2,500 unique 
permutations ordered accor-
ding to their associated hazard 
ratios for overall survival. A 
yellow cell indicates exclusion 
of the indicated gene mutation 
for measurable residual di-
sease assessment, whereas a 
blue cell indicates inclusion. 
(B) Volcano plot showing sta-
tistical significance plotted 
against the D statistic from 
the Kolmogorov-Smirnov test 
comparing the distribution of 
hazard ratios of permutations 
in which the indicated gene 
mutation is excluded versus 
the reference distribution. See 
text for details. (C) Violin plots 
showing the distribution of 
hazard ratios of permutations 
in which the indicated gene 
mutation is included (+) for 
measurable residual disease 
assessment. HR: hazard ratio.

the two extremes. It is noteworthy that some mutations, 
including mutations in the splicing factor genes and IDH2, 
demonstrated a comparable level of persistence and sta-
bility as DNMT3A mutations. 
To evaluate the impact of mutations in each gene on MRD 
analysis in an unbiased manner, we generated 2,500 
unique permutations in which each of the 15 genes or 
three gene groups was randomly assigned to be included 
or excluded from MRD assessment. For each permuta-
tion, we calculated the hazard ratio for overall survival 
between MRDPOS and MRDNEG patients in our study cohort. 
Patients with mutations in any of the included genes 
above a mutant allele frequency cutoff of 0.01 (1%) at T1 
or T2 were considered MRDPOS. Permutations that ex-
cluded DNMT3A and TET2 mutations were associated 

with higher hazard ratios, whereas permutations that ex-
cluded well-characterized AML-related mutations, such 
as NPM1 and RAS mutations, correlated with lower hazard 
ratios (Figure 1A). To determine the significance and mag-
nitude of these associations, we used the Kolmogorov-
Smirnov test to compare the distribution of hazard ratios 
among the subset of permutations in which a specific 
gene or gene group was excluded with the reference dis-
tribution of all 2,500 permutations. This analysis showed 
that exclusion of DNMT3A or TET2 mutations significantly 
shifted the hazard ratio distribution higher relative to the 
reference distribution (Figure 1B). Intriguingly, exclusion 
of mutations in the splicing factor genes or IDH2 also sig-
nificantly shifted the hazard ratio distribution higher (Fig-
ure 1B), and their inclusion eliminated the highest hazard 
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Figure 2. Exclusion of mutations in splicing factor 
genes and IDH2 in addition to DNMT3A, TET2, and 
ASXL1 mutations improves the prognostic power 
of molecular measurable residual disease assess -
ment. Kaplan-Meier plots for (A) overall survival 
(OS), (B) relapse-free survival (RFS), and (C) cumu-
lative incidence of relapse (CIR) of patients clas-
sified as measurable residual disease 
(MRD)-positive (MRD+) or MRD-negative (MRD-) 
and based on whether DNMT3A, TET2, and ASXL1 
(DTA) mutations or mutations in DTA, splicing fac-
tor genes and IDH2 (DTAS12) were excluded from 
MRD determination. A mutant allele frequency of 
>0.01 (1%) at timepoints 1 and 2 was used to de-
fine MRD positivity. Comparison of the hazard ra-
tios for OS, RFS, and CIR in the Morita et al. (D) or 
Ahn et al. (E) validation cohort between exclusion 
of mutations in DTA alone versus DTAS12 for de-
termination of MRD status. A mutant allele fre-
quency of >0.01 (1%) was used to define MRD 
positivity. The hazard ratios and P values shown 
in all panels were calculated using the Cox pro-
portional-hazards model.
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ratio values found in the reference distribution (Figure 
1C). These findings, along with their high level of persist-
ence and stability during remission, suggest that muta-
tions in the splicing factor genes and IDH2 should be 
considered CH-related for the purpose of molecular MRD 
assessment. Indeed, exclusion of these mutations in ad-
dition to DTA (henceforth referred to as “DTASI2”) led to 
a greater difference in overall survival, relapse-free sur-
vival, and cumulative incidence of relapse between 
MRDPOS and MRDNEG patients using a mutant allele fre-
quency cutoff at 0.01 (1%) or 0.005 (0.5%) when compared 
with exclusion of DTA mutations alone or no mutations 
(Figure 2A-C, Online Supplementary Figure S2A-C). To en-
sure that these observations were not restricted to our 
cohort of patients and the analysis of peripheral blood 
samples, we analyzed two independent datasets that 
used panel-based targeted NGS for MRD monitoring of 
bone marrow samples in AML patients in remission.4,13 The 
total numbers of patients in the cohorts studied by 
Morita et al.4 and Ahn et al.13 were 131 and 124, respect-
ively. In both validation cohorts, exclusion of DTASI2 mu-
tations increased the hazard ratio for overall survival, 
relapse-free survival, and cumulative incidence of relapse 
in MRDPOS patients compared with exclusion of DTA mu-
tations alone (Figure 2D, E).   
Our findings demonstrate that the exclusion of mutations 
in splicing factor genes and IDH2 improves the prognostic 
power of NGS-based MRD assessment. This effect is likely 
attributable to their involvement in CH. Our results are 
consistent with those of a recent study showing that the 
persistence of IDH1/2 and SRSF2 mutations had no impact 
on survival in NPM1-mutated AML patients.14 Due to the 
size of our study cohort, the potential impact of mutations 
in other genes with low representation could have been 
missed. Notably, our analysis did not identify ASXL1 mu-
tations as CH-related. However, the number of patients 
with ASXL1 mutations in our cohort was small (n=9). 
Further studies are required to clarify the significance of 
persistence of ASXL1 mutations in MRD analysis. In addi-
tion, it is important to emphasize that patients in our 
study cohort were treated with intensive chemotherapy 
and thus our findings may not be applicable to patients 
treated with other therapies (e.g., venetoclax-based 
regimens). Our work highlights the importance of optimiz-
ing the definition of CH-related gene mutations for mol-
ecular MRD assessment. 
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