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1  |  INTRODUC TION

Exon12 frameshift mutations in NPM1 are found in ~35% of de novo 
AML patients. This NPM1 mutation is frequently detected in an 
overlapping manner with internal tandem duplications of FLT3-ITD 
and mutations in DNMT3A.1,2 Multiple large cohort trials conducted 
in Europe and the USA showed that NPM1 mutations are a strong 

factor indicating a favorable prognosis.2–6 In addition, according to 
the European LeukemiaNet 2017 (ELN 2017) classification, which is 
a commonly used prognostic model, this mutation is considered an 
absolute factor of a favorable prognosis that complements the prog-
nostic value of the FLT3-ITD allelic ratio (AR) and lowers the one-
step risk category.7,8 Meanwhile, the clinical significance of NPM1 
mutations in Asia and the Middle East remains unclear. Although 
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Abstract
Nucleophosmin1 (NPM1) mutations are the most frequently detected gene muta-
tions in acute myeloid leukemia (AML) and are considered a favorable prognostic 
factor. We retrospectively analyzed the prognosis of 605 Japanese patients with de 
novo AML, including 174 patients with NPM1-mutated AML. Although patients with 
NPM1-mutated AML showed a high remission rate, this was not a favorable prog-
nostic factor for overall survival (OS); this is contrary to generally accepted guide-
lines. Comprehensive gene mutation analysis showed that mutations in codon R882 
of DNA methyltransferase 3A (DNMT3AR882 mutations) were a strong predicative 
factor indicating poor prognosis in all AML (p < 0.0001) and NPM1-mutated AML 
cases (p = 0.0020). Furthermore, multivariate analysis of all AML cases showed that 
DNMT3AR882 mutations and the co-occurrence of internal tandem duplication in FMS-
like tyrosine kinase 3 (FLT3-ITD), NPM1 mutations, and DNMT3AR882 mutations (triple 
mutations) were independent factors predicting a poor prognosis related to OS, with 
NPM1 mutations being an independent factor for a favorable prognosis (hazard ra-
tios: DNMT3AR882 mutations, 1.946; triple mutations, 1.992, NPM1 mutations, 0.548). 
Considering the effects of DNMT3AR882 mutations and triple mutations on progno-
sis and according to the classification of NPM1-mutated AML into three risk groups 
based on DNMT3AR882/FLT3-ITD genotypes, we achieved the improved stratifica-
tion of prognosis (p < 0.0001). We showed that DNMT3AR882 mutations are an inde-
pendent factor for poor prognosis; moreover, when confounding factors that include 
DNMT3AR882 mutations were excluded, NPM1 mutations were a favorable prognostic 
factor. This revealed that ethnological prognostic discrepancies in NPM1 mutations 
might be corrected through prognostic stratification based on the DNMT3A status.
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several studies have targeted cohorts in Asia and the Middle East, 
most of them have not been able to show the effect of NPM1 muta-
tions based on univariate analyses.9–14

DNMT3A mutations are genetic abnormalities detected in 10%–
30% of de novo AML cases, with ~60% of them occurring at the R882 
site. Their frequent detection in AML was first reported in 201015 
and, since then, they have been reported as a factor indicative of a 
poor prognosis in many cohort analyses.16–18 However, their ability 
to serve as an independent prognostic factor has been debated be-
cause they are detected in an overlapping manner with various ge-
netic abnormalities, and in fact, DNMT3A mutations were excluded 
among major prognostic factors even in the ELN 2017 classification.7 
Interestingly, mutations at the R882 site of DNMT3A (DNMT3AR882; 
which are the most common among DNMT3A mutations)19 overlap 
with other genetic abnormalities. Alternatively, overlapping DNMT3A 
mutations with NPM1 mutations or FLT3-ITD have been suggested 
to be stronger factors indicating a poor prognosis,2,20 and suggesting 
the need for a more detailed subgroup analysis.

We previously conducted a retrospective prognostic analysis of 
744 patients with AML enrolled between 2001 and 2019 based on 
the data from the GS-JAML, which was a clinical sequencing program 
that was conducted as a multicenter joint study in Japan.21 However, 
patients with NPM1-mutated AML did not show a favorable progno-
sis. In this study, we sought to clarify the factors that influence this 
“unexpected prognosis of NPM1-mutated AML” by targeting only pa-
tients aged 70 years or younger who were diagnosed after 2010 and 
who received standard induction therapy based on GS-JAML data. 
We also analyzed the effects of NPM1 and concurrent mutations, 
particularly DNMT3A mutations, on the prognosis.

2  |  METHODS

2.1  |  Study population

All patients in this analysis were enrolled and selected by the 
GS-JAML and conducted by the Nippon Medical School. Briefly, 
Japanese residents aged ≥16 years with de novo AML since 2001 
were enrolled in this observational study after obtaining their con-
sent. The following test results of patients with AML, since 2009, 
were provided by the investigators to the physicians within 1 month: 
FLT3-ITD (PCR assay from 2009, fragment analysis from 2018), 
NPM1 exon12 (from 2009), CEBPA (from 2009), and DNMT3AR882 
(from 2017). This analysis included patients with de novo AML (ex-
cluding the FAB-M3 subtype) enrolled in the GS-JAML study from 
2010 to 2019.

2.2  |  Mutation screening and target-capture 
sequencing of the AML gene panel

Patient samples were collected at the time of diagnosis, and genomic 
DNA was extracted from patients with ≥20% blasts in bone mar-
row or peripheral blood. Screening for cytogenetic abnormalities 

was performed through G-band analysis, and fluorescence in situ 
hybridization analysis was used to additionally search for t(8;21)
(q22;q22.1), t(15;17)(q22;q21), and inv(16)(p13;q22)/t(16;16)
(p13;q22). The cytogenetic prognosis was then designated accord-
ing to the ELN 2017 classification. Screening for FLT3-ITD, mutations 
in exon 12 of NPM1, DNMT3AR882 mutations, and the entire exon of 
CEBPA, was performed as previously described.21,22 For this study, 
high-AR and low-AR cases were defined as ITD-AR >0.5 and <0.5, 
respectively. Using cryopreserved samples, target-capture sequenc-
ing of the AML gene panel (Table S1) was performed retrospectively, 
as previously described.21 The sequences of all exons of DNMT3A 
were confirmed through this target-capture sequencing.

2.3  |  Statistical analysis

Definitions of response criteria were in accordance with the system 
recommended by the ELN 2017.7 The primary outcome was OS. 
Secondary outcomes included OS censored at the time of allo-HSCT 
and EFS. The induction phase was defined as the period of 60 days 
after the start of initial remission induction therapy. Induction failure 
was defined as failure to achieve CR in the induction phase. OS was 
calculated from the time of diagnosis until death from any cause. 
Events related to EFS included induction failure, first relapse, and 
death resulting from any cause. For patients without an event, all 
survival end-points were censored at the date of the last follow-up.

Chi-squared and Fisher's exact tests were used to test the asso-
ciation between categorical variables and the presence or absence 
of mutations. The non-parametric Mann–Whitney U-test was used 
to assess the difference in the distributions of a non-proportional 
continuous variable. All statistical tests were two-sided. The 
Kaplan–Meier method and log-rank test were used to analyze OS 
and EFS. Regarding the prognostic factors, multivariate analysis was 
conducted using the Cox proportional hazards model. A backward 
and forward stepwise procedure selection model using the Akaike 
information criterion was used to identify independent prognostic 
factors. Statistical analyses were performed using GraphPad Prism 
version 9.00 for Windows (GraphPad Software) and EZR (version 
1.36; Saitama Medical Center, Jichi Medical University).23

3  |  RESULTS

3.1  |  Patient characteristics

Among 919 patients who registered with the GS-JAML from 2010 to 
2019 and who were 70 years of age or younger, we targeted those 
who underwent the 7 + 3 induction regimen, which is a standard 
induction therapy consisting of 7 days of standard-dose cytarabine 
(100–200 mg/m2 continuous infusion) and 3 days of an anthracy-
cline antibiotic infusion (idarubicin 12 mg/m2 or daunorubicin 60–
90 mg/m2), and evaluated the results of their comprehensive gene 
analysis. Patients who used FLT3 inhibitors for induction therapy, 
low-dose cytarabine treatment (for unfit patients), or azacitidine 



1300  |    WAKITA et al.

were excluded because these comprised a small number of cases. 
In total, 605 patients were included in this analysis. Table S2 shows 
the clinical backgrounds of patients. The median observation period 
for all 605 patients was 830.5 days. Among all patients, we found 
that 127 (20.9%) exhibited FLT3-ITD and, of these, 44 were low-AR, 
whereas 80 were high-AR cases. We detected ITD alleles in three 
patients by PCR, but fragment analysis via capillary electrophore-
sis was difficult, and the ITD-AR was unknown. We also detected 
NPM1 mutations in 174 patients (28.8%), whereas DNMT3A muta-
tions were detected in 125 patients (20.7%). Of the 125 DNMT3A 
mutation-positive patients, 67 had a DNMT3AR882 mutation, whereas 
58 had a DNMT3Anon-R882 mutation; there was no overlap between 
DNMT3AR882 mutations and DNMT3Anon-R882 mutations. We iden-
tified 83 patients who had both NPM1 and DNMT3A mutations, of 
whom 49 had both NPM1 and DNMT3AR882 mutations, whereas 34 
had both NPM1 and DNMT3Anon-R882 mutations. Figure S1 shows the 
gene abnormality distribution, including the overlap in mutations be-
tween AML-related genes included in the ELN 2017 classification and 
DNMT3A mutations. We mainly detected FLT3-ITD and mutations in 
NPM1 and DNMT3A in the intermediate-risk karyotype group, espe-
cially in patients with a normal karyotype, in agreement with previous 
reports. Additionally, we observed that these gene mutations had lit-
tle overlap with mutations in ASXL1, RUNX1, and TP53.

3.2  |  Rate of complete remission in the 
induction phase

Table S3 shows the CRR in each subgroup classified based on FLT3-
ITD, NPM1, and DNMT3A mutations. The overall CRR was 74.5%. 
In particular, we detected that the CRRs for the chromosomal risk 
groups were 92.4% for the favorable-risk karyotype, 75.4% for the 
intermediate-risk karyotype, and 50.0% for the adverse-risk karyo-
type, resulting in clear stratification based on chromosomal prog-
nostic classification. We also found that the CRRs based on the 
FLT3-ITD status were 77.1% for FLT3-ITD-negative, 72.1% for low-
AR, and 60.0% for high-AR cases. Meanwhile, the CRRs based on the 
normal karyotype only were 80.8% for FLT3-ITD-negative, 72.7% for 
low-AR, and 59.7% for high-AR cases, with CRR gradually decreas-
ing. Furthermore, we noticed that for the FLT3-ITD negative, ITD 
low-AR, and ITD high-AR groups, the NPM1 mutation-positive cases 
tended to have a higher CRR than that of the negative cases (ITD 
negative: NPM1 mutation positive vs. negative = 87.1% vs. 74.6%; 
low-AR: NPM1 mutation positive vs. negative  =  76.9% vs. 64.7%; 
high-AR: NPM1 mutation positive vs. negative = 68.8% vs. 46.9%).

3.3  |  Prognostic value of FLT3-ITD, NPM1, and 
DNMT3A mutations

Kaplan–Meier plots of OS, OS censored at allo-HSCT, and EFS for the 
entire cohort are shown in Figure S2. Kaplan–Meier plots comparing the 
following are shown in Figure S3 with OS, Figure S4 with OS censored 

at allo-HSCT, and Figure  S5 with EFS, respectively: (a) all patients 
within the subgroups were classified based on the FLT3-ITD AR (FLT3-
ITD-negative, low-AR, or high-AR), (b) all patients with NPM1 mutation-
positive or -negative disease, (c) all patients with DNMT3A wild-type, 
DNMT3AR882 mutation positive, or DNMT3Anon-R882 mutation positive, 
(d) normal karyotype AML patients with subgroups classified based on 
the FLT3-ITD AR (FLT3-ITD-negative, low-AR, or high-AR), (e) normal 
karyotype AML patients with NPM1 mutation-positive or -negative 
disease, (f) normal karyotype AML patients with DNMT3A wild-type, 
DNMT3AR882 mutation-positive, or DNMT3Anon-R882 mutation-positive 
disease. As shown in Figures  S3–S5a,d, we identified the FLT3-ITD 
high-AR status as a strong factor indicative of a poor prognosis related 
to the OS, OS censored at allo-HSCT, and EFS in the analysis of all 
patients and those with a normal karyotype. Meanwhile, as shown in 
Figures S3–S5b,e, we could not establish the NPM1 mutation as a fac-
tor indicating a favorable prognosis for OS, OS censored at allo-HSCT, 
or EFS in analyses of all patients or those with a normal karyotype. 
Likewise, NPM1 mutations were not a prognostic factor in subgroup 
analysis based on FLT3-ITD (data not shown).

As shown in Figures S3–S5c,f, we identified DNMT3A mutations 
as strong factors indicative of a poor prognosis. In particular, we 
found that, compared with the wild-type DNMT3A, the DNMT3AR882 
mutation was strongly correlated with a worse OS, OS censored 
at allo-HSCT, and EFS for all patients and for those with a normal 
karyotype. Meanwhile, the DNMT3Anon-R882 mutation-positive 
group showed an intermediate prognosis between that of the 
DNMT3A wild-type group and that of the DNMT3AR882 mutation-
positive group. Further, when comparing the DNMT3Anon-R882 
mutation-positive group and DNMT3A wild-type group, we found 
that DNMT3Anon-R882 mutations were significantly correlated with a 
poor OS, OS censored at allo-HSCT, and EFS in the analysis of pa-
tients with a normal karyotype.

3.4  |  Different prognostic values of DNMT3A 
mutations in NPM1-mutated and NPM1 wild-
type AML

We assumed that the profiles of concurrent genetic abnormali-
ties were involved in the “unexpected prognosis of NPM1-mutated 
AML.” Therefore, we performed univariate analyses of OS, OS 
censored at allo-HSCT, and EFS according to the mutation status 
of the markedly recurring mutated genes in NPM1-mutated AML. 
DNMT3A mutations were frequently detected in NPM1-mutated 
AML (47.7%; 83/174) and were strongly associated with a poor 
prognosis (Table  S4). Figure  1A–C shows Kaplan–Meier plots 
comparing the DNMT3A genotype subgroups (DNMT3A wild-type 
group, DNMT3AR882 mutation-positive group, and DNMT3Anon-R882 
mutation-positive group) for all karyotypes/NPM1-mutated AML 
(Figure  1A: OS; Figure  1B: OS censored at allo-HSCT; Figure  1C: 
EFS), whereas Figure 1D–F shows the Kaplan–Meier plots compar-
ing the DNMT3A genotype subgroups for normal karyotypes/NPM1-
mutated AML (Figure  1D: OS; Figure  1D: OS censored at 
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allo-HSCT; Figure 1F: EFS). We observed that for patients with all 
karyotypes/NPM1-mutated AML and normal karyotypes/NPM1-
mutated AML, DNMT3AR882 mutations were strong predictive fac-
tors of a poor prognosis and were associated with a shortened OS, 
OS censored at allo-HSCT, and EFS. Furthermore, we found that 
DNMT3Anon-R882 mutation-positive patients tended to have a shorter 
OS censored at allo-HSCT and EFS but a similar OS compared with 
those of the DNMT3A wild-type patients. These results suggested 
that the presence of DNMT3AR882 mutations was primarily related to 
the “unexpected poor prognosis of NPM1-mutated AML” tendency 
observed in the present study cohort.

We further found that the combined rate of DNMT3A mutations 
in NPM1 wild-type AML was 9.74% (42/431). Figure  2A–C shows 
Kaplan–Meier plots comparing DNMT3A genotype subgroups for 
all karyotypes/NPM1 wild-type AML (Figure 2A: OS; Figure 2B: OS 
censored at allo-HSCT; Figure 2C: EFS), whereas Figure 2D–F shows 
Kaplan–Meier plots comparing DNMT3A genotype subgroups for 
normal karyotypes/NPM1 wild-type AML (Figure 2D: OS; Figure 2E: 
OS censored at allo-HSCT; Figure  2F: EFS). We determined that 

DNMT3AR882 mutations were a significant factor indicating a poor 
prognosis with respect to the OS, OS censored at allo-HSCT, and 
EFS for NPM1 wild-type AML and with respect to the OS and EFS 
for normal karyotype/NPM1 wild-type AML. Meanwhile, we found 
that DNMT3Anon-R882 mutations were a significant factor indicat-
ing a poor prognosis with respect to the OS and EFS for normal 
karyotype/NPM1 wild-type AML. As the sample size of DNMT3A 
mutation-positive cases among those with NPM1 wild-type AML 
was small and the genetic background was diverse, the ability of 
DNMT3A mutations to serve as independent prognostic factors 
needs to be further investigated.

3.5  |  Identification of prognostic factors through 
multivariate analysis

To investigate the effect of DNMT3A mutations on the prognosis of 
AML, we targeted all patients with AML, as well as those patients 
with NPM1-mutated and NPM1 wild-type disease, and conducted 

F I G U R E  1  Effect of DNMT3A mutations on the prognosis of NPM1-mutated acute myeloid leukemia (AML). (A) Kaplan–Meier plots 
(overall survival; OS) comparing DNMT3A genotype subgroups for all karyotypes/NPM1-mutated AML. (B) Kaplan–Meier plots (OS censored 
at allo-HSCT) comparing DNMT3A genotype subgroups for all karyotypes/NPM1-mutated AML. (C) Kaplan–Meier plots (event-free survival; 
EFS) comparing DNMT3A genotype subgroups for all karyotypes/NPM1-mutated AML. (D) Kaplan–Meier plots (OS) comparing DNMT3A 
genotype subgroups for normal karyotype (NK)/NPM1-mutated AML. (E) Kaplan–Meier plots (OS censored at allo-HSCT) comparing 
DNMT3A genotype subgroups for NK/NPM1-mutated AML. (F) Kaplan–Meier plots (EFS) comparing DNMT3A genotype subgroups for 
NK/NPM1-mutated AML
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a Cox regression analysis of OS using the following factors as 
input: age (>60 or ≤60 years old); allo-HSCT at first CR (yes or no); 
favorable-risk karyotype (yes or no); adverse-risk karyotype (yes or 
no); FLT3-ITD high-AR (positive or negative); FLT3-ITD (regardless 
of ITD-AR, positive or negative); NPM1 mutation (positive or nega-
tive); CEBPA double mutation (positive or negative); ASXL1 muta-
tions (positive or negative); RUNX1 mutations (positive or negative); 
TP53 mutations (positive or negative); DNMT3AR882 mutations (posi-
tive or negative); DNMT3A mutations (regardless of position, posi-
tive or negative); triple mutation in NPM1, FLT3-ITD, and DNMT3A 
(yes or no); and triple mutation in NPM1, FLT3-ITD, and DNMT3AR882 
(yes or no). A backward and forward stepwise procedure selection 
model using the Akaike information criterion was used to extract 
independent events. Table 1 shows a summary of the analysis. Using 
Cox regression, we extracted the DNMT3AR882 mutation and triple 
mutation in NPM1, FLT-ITD, and DNMT3AR882 as independent fac-
tors of poor prognosis. Simultaneously, removing these confound-
ing factors resulted in the NPM1 mutation being an independent 

factor for a favorable prognosis. Using Cox regression analysis for 
only NPM1-mutated AML, we identified the DNMT3AR882 mutation, 
FLT3-ITD mutation, and age >60 years as factors indicative of a poor 
prognosis, whereas allo-HSCT at first CR was identified as a factor 
associated with a favorable prognosis. Meanwhile, using Cox re-
gression analysis for only NPM1 wild-type AML, we identified TP53 
mutations, the adverse-risk karyotype, FLT3-ITD high-AR, DNMT3A 
mutations, and age >60 years as factors related to a poor prognosis. 
Interestingly, all DNMT3A mutations were identified as independent 
factors correlated with OS in NPM1 wild-type AML, regardless of 
the mutation site.

3.6  |  Effects of FLT3-ITD and DNMT3AR882 
mutations on the prognosis of NPM1-mutated AML

From our multivariate analysis, we speculated that treating 
DNMT3AR882 mutation-positive patients as a separate prognostic 

F I G U R E  2  Effect of DNMT3A mutations on the prognosis of NPM1 wild-type acute myeloid leukemia (AML). (A) Kaplan–Meier plots 
(overall survival; OS) comparing DNMT3A genotype subgroups for all karyotypes/NPM1 wild-type AML. (B) Kaplan–Meier plots (OS censored 
at allo-HSCT) comparing DNMT3A genotype subgroups for all karyotypes/NPM1 wild-type AML. (C) Kaplan–Meier plots (event-free survival; 
EFS) comparing DNMT3A genotype subgroups for all karyotypes/NPM1 wild-type AML. (D) Kaplan–Meier plots (OS) comparing DNMT3A 
genotype subgroups for normal karyotype (NK)/NPM1 wild-type AML. (E) Kaplan–Meier plots (OS censored at allo-HSCT) comparing 
DNMT3A genotype subgroups for NK/NPM1 wild-type AML. (F) Kaplan–Meier plots (EFS) comparing DNMT3A genotype subgroups for 
NK/NPM1 wild-type AML
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group would correct the discrepancy between the NPM1-mutated 
AML cohort and the conventional prognostic model. To show 
the effect of DNMT3AR882 mutation/FLT3-ITD AR genotypes 
on the prognosis of NPM1-mutated AML, we demonstrated 
the prognosis of each FLT3-ITD subgroup in terms of NPM1 
mutation-positive/DNMT3AR882 wild-type and NPM1 mutation-
positive/DNMT3AR882 mutation-positive patients using Kaplan–
Meier plots (NPM1 mutation-positive/DNMT3AR882 wild-type: OS, 
Figure 3A; OS censored at allo-HSCT, Figure 3B; EFS, Figure 3C; 
NPM1 mutation-positive/DNMT3AR882 mutation-positive: OS, 
Figure 3D, OS censored at allo-HSCT, Figure 3E; EFS, Figure 3F). 
As shown in Figure 3A–C, NPM1 mutation-positive/DNMT3AR882 
wild-type patients tended to have a favorable prognosis in all FLT3-
ITD subgroups. Focusing on the prognostic value of the FLT3-ITD 
AR for NPM1 mutation-positive/DNMT3AR882 wild-type patients, 
a comparison of OS and EFS showed more early deaths and early 
events in FLT3-ITD high-AR patients than in FLT3-ITD-negative or 

low-AR patients (OS: FLT3-ITD high-AR vs. FLT3-ITD-negative or 
low-AR, p = 0.1045; EFS: FLT3-ITD high-AR vs. FLT3-ITD-negative 
or low-AR, p  =  0.0558). Furthermore, a comparison of OS cen-
sored at allo-HSCT among NPM1 mutation-positive/DNMT3AR882 
wild-type patients showed that FLT3-ITD-negative patients had 
increased survival compared with FLT3-ITD-positive patients 
(FLT3-ITD-negative vs. FLT3-ITD-positive, p  =  0.0086). These 
facts suggested that FLT3-ITD-positive cases should routinely be 
assigned to allo-HSCT even for patients with FLT3-ITD low-AR 
disease. Meanwhile, as shown in Figure  3D–F, NPM1 mutation-
positive/DNMT3AR882 mutation-positive patients showed a poor 
prognosis for all subgroups classified based on FLT3-ITD. In par-
ticular, we noticed that FLT3-ITD-positive patients had an ex-
tremely poor prognosis with respect to all prognostic indices, 
namely OS, OS censored at allo-HSCT, and EFS, regardless of the 
ITD-AR. This result suggests the importance of triple mutations 
for a short-term prognosis.

TA B L E  1  Cox proportional hazards regression analysis on OS

Overall survival Hazard ratio Lower 95% CI Upper 95% CI p-value

All cases
n = 597, number of events = 177 (8 observations deleted due to missingness) Concordance 
index = 0.728

TP53 mutation 2.802 1.668 4.705 <0.001

Adverse karyotype 2.249 1.435 3.525 <0.001

Triple mutation in NPM1, FLT3-ITD, and 
DNMT3AR882

1.992 0.925 4.288 0.078

Age > 60 years old 1.95 1.427 2.665 <0.001

DNMT3AR882 mutation 1.946 1.133 3.341 0.016

FLT3-ITD 1.835 1.209 2.786 0.004

Favorable karyotype 0.548 0.316 0.95 0.032

NPM1 mutation 0.548 0.356 0.842 0.006

Allo-HSCT at 1st CR 0.498 0.333 0.744 0.001

CEBPA double mutation 0.321 0.162 0.633 0.001

NPM1-mutated AML
n = 171, number of events = 53 (3 observations deleted due to missingness) Concordance 
index = 0.687

DNMT3AR882 mutation 2.823 1.583 5.035 <0.001

FLT3-ITD 2.678 1.495 4.797 0.001

Age > 60 years old 2.227 1.239 4.004 0.007

Allo-HSCT at 1st CR 0.543 0.256 1.151 0.111

NPM1 wild-type AML
n = 426, number of events = 124 (5 observations deleted due to missingness) Concordance 
index: 0.742

TP53 mutation 2.899 1.674 5.022 <0.001

Adverse karyotype 2.401 1.504 3.834 <0.001

FLT3-ITD high-AR 1.862 1.056 3.281 0.032

DNMT3A mutation 1.803 1.076 3.021 0.025

Age > 60 years old 1.757 1.213 2.544 0.003

Favorable karyotype 0.56 0.319 0.982 0.043

Allo-HSCT at 1st CR 0.493 0.307 0.792 0.003

CEBPA double mutation 0.332 0.167 0.662 0.002
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F I G U R E  3  Effect of FLT3-ITD allelic ratio on the prognosis of NPM1 mutation-positive/DNMT3AR882 wild-type acute myeloid leukemia 
(AML) and NPM1 mutation-positive/DNMT3AR882 mutation-positive AML. (A) Kaplan–Meier plots (overall survival; OS) comparing FLT3-ITD 
subgroups for NPM1 mutation-positive/DNMT3AR882 wild-type patients. (B) Kaplan–Meier plots (OS censored at allo-HSCT) comparing 
FLT3-ITD subgroups for NPM1 mutation-positive/DNMT3AR882 wild-type patients. (C) Kaplan–Meier plots (event-free survival; EFS) 
comparing FLT3-ITD subgroups for NPM1 mutation-positive/DNMT3AR882 wild-type patients. (D) Kaplan–Meier plots (OS) comparing 
FLT3-ITD subgroups for NPM1 mutation-positive/DNMT3AR882 mutation-positive patients. (E) Kaplan–Meier plots (OS censored at allo-
HSCT) comparing FLT3-ITD subgroups for NPM1 mutation-positive/DNMT3AR882 mutation-positive patients. (F) Kaplan–Meier plots (EFS) 
comparing FLT3-ITD subgroups for NPM1 mutation-positive/DNMT3AR882 mutation-positive patients

TA B L E  2  Risk stratification by DNMT3AR882 mutation/NPM1 mutation/FLT3-ITD allelic ratio genotypes

NPM1 
mutationa

DNMT3AR882 
mutation FLT3-ITD

Patient 
number 
(HSCT at 1st 
CR)

2-year 
OS

2-year OS 
censored at 
HSCT

2-year 
EFS ELN 2017

GS-JAML 
(2022)

Positive Negative Negative 73 (4) 78.7% 76.0% 44.8% Favorable Favorable

Low AR 21 (10) 67.4% 42.8% 53.6% Favorable Favorableb

High AR 29 (13) 60.9% 44.8% 34.3% Intermediate Intermediate

Positive Negative 23 (4) 78.2% 60.4% 20.5% Favorable Intermediate

Low AR 6 (2) 25.0% 16.7% 0.0% Favorable Adverse

High AR 19 (4) 24.3% 0.0% 0.0% Intermediate Adverse

aTP53 mutation was detected in one patient with normal karyotype/NPM1 mutation positive/FLT3-ITD negative/DNMT3AR882 mutation positive and 
in one patient with normal karyotype/NPM1 mutation positive/FLT3-ITD negative/DNMT3A mutation negative. Furthermore, a complex karyotype 
was detected in one patient with NPM1 mutation positive/FLT3-ITD high-AR/DNMT3A mutation negative. These patients are included in the NPM1 
mutation-positive AML analysis data.
bThe NPM1 mutation positive/DNMT3AR882 negative/FLT3-ITD low-AR group exhibited a short survival in the analysis of OS censored at HSCT, and 
allogeneic HSCT should be actively indicated when FLT3 inhibitors are not used.
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3.7  |  Prognostic model for NPM1-mutated AML

We attempted to modify the conventional prognostic stratification 
system using the FLT3-ITD status for NPM1-mutated AML. Table 2 
shows a newly modified risk classification, as well as the 2-year OS, 
OS censored at allo-HSCT, and EFS of each subgroup, sorted based 
on the DNMT3AR882 mutation/NPM1 mutation/FLT3-ITD AR geno-
type. As with the ELN 2017 classification, we classified DNMT3AR882 
wild-type patients into a favorable prognosis group if they were FLT3-
ITD negative or had a low AR and into an intermediate prognosis 
group if they had a high AR. Meanwhile, we classified DNMT3AR882 
mutation-positive patients into an intermediate prognosis group if 
they were FLT3-ITD negative and into a poor prognosis group if they 
were FLT3-ITD positive, regardless of their low- or high-AR status. 
Notably, there were only six patients in the poor prognosis group 
(i.e., patients with triple-mutated AML) of the 25 patients who un-
derwent transplantation during the first CR. The 19 patients who did 
not undergo transplantation comprised a higher number of patients 
who were resistant to the initial treatment or had an early relapse; 
thus, the low rate of transplantation seemed to reflect unsuccessful 
bridging therapy to the transplantation.

Figure 4A–C shows the Kaplan–Meier plots when patients with 
NPM1-mutated AML were stratified according to the ELN 2017 clas-
sification (OS: Figure 4A; OS censored at allo-HSCT: Figure 4B, EFS: 
Figure  4C), whereas Figure  4D–F shows the Kaplan–Meier plots 
when patients with NPM1-mutated AML were stratified according 
to the new system that was reorganized based on information of 
the GS-JAML cohort (OS: Figure  4D; OS censored at allo-HSCT: 
Figure  4E; EFS: Figure  4F). We found that the new stratification 
system could predict the recurrence of NPM1-mutated AML more 
clearly than the ELN 2017 classification and succeeded in identifying 
the patients with a poor prognosis.

4  |  DISCUSSION

In this study, we investigated the effect of NPM1 mutations on the 
prognosis of 605 patients with AML, aged ≤70 years, who under-
went standard induction therapy. Although patients with NPM1-
mutated AML showed a high CRR, this was not a factor predicting 
a favorable prognosis in terms of OS, in contrast with that shown in 
previous studies and key guidelines. Furthermore, we demonstrated 
that DNMT3AR882 mutations were an independent factor for poor 
prognosis; when confounding factors that include DNMT3AR882 mu-
tations were excluded, NPM1 mutations were a strong factor predict-
ing a favorable prognosis. As DNMT3A mutations frequently occur in 
patients with NPM1 mutations and FLT3-ITD, which are strong pre-
dictive factors of prognosis, it is often affected by Simpson's Paradox 
in univariate analysis, which presumably explains how its effects on 
prognosis and its importance are underestimated.24 In addition, the 
stratification of prognosis by ITD-AR introduced in the ELN 2017 
classification has resulted in the subclassification of NPM1-mutated 
AML, obscuring the value of DNMT3A mutations in NPM1-mutated 

AML. The results of this study demonstrate that DNMT3A mutations 
are a factor indicative of a poor prognosis even with stratification 
based on ITD-AR, proving its clinical significance.

Moreover, the results of this study call attention to the impor-
tance of DNMT3A mutations in our Japanese cohort. Interestingly, 
JALSG conducted a comprehensive gene mutation analysis of 197 
patients with de novo AML who were registered in the JALSG 
AML201 in 2014. NPM1 mutations were not identified as a prog-
nostic factor in this analysis, either in univariate or multivariate anal-
yses in which abundant gene data were inputted.20 Moreover, they 
demonstrated that the prognosis of NPM1-mutated AML patients 
could be more clearly stratified by including the DNMT3A mutation 
status compared with that with the original ELN system. These find-
ings were in agreement with those of our study. The fact that JALSG, 
which is the largest prospective cohort study group in Japan, and 
our study, which is the largest retrospective cohort study conducted 
in Japan, were in agreement is particularly important. The current 
study and the JALSG study indicated that ethnological prognostic 
discrepancies in NPM1 mutations might be corrected by stratifying 
prognosis based on the DNMT3A status.

We also highlighted the importance of DNMT3AR882 mutations 
as a factor predicting a poor prognosis in NPM1-mutated AML. 
However, we did not manage to establish the clinical significance 
of DNMT3Anon-R882 mutations. An analysis of the OS for NPM1-
mutated AML showed that the DNMT3Anon-R882 mutation-positive 
group had an intermediate prognosis between that of the DNMT3A 
wild-type and that of DNMT3AR882 mutation-positive group, and 
analysis of OS for NPM1 wild-type patients with normal karyotypes 
showed a tendency for a poor prognosis, similar to that observed 
in the DNMT3AR882 mutation-positive group. Previously, the AML 
Study Group (AMLSG) analyzed 1770 patients with de novo AML 
and reported that, among DNMT3A mutations, DNMT3AR882 mu-
tations were often detected in AML with a normal karyotype and 
NPM1-mutated AML and were factors indicative of a poor progno-
sis related to OS. In contrast, DNMT3Anon-R882 mutations had a low 
detection frequency, overlapped with chromosomal abnormalities, 
and had little association with the prognosis of NPM1-mutated AML 
patients.19 This reported difference in clinical significance depend-
ing on the site of the DNMT3A mutation is in good agreement with 
our findings.

We would like to propose a rearrangement of the genetic risk 
stratification that includes DNMT3A mutations. Recently, Herold 
et al. analyzed the long-term follow-up data of the target cohort 
of ELN 2017 by adding an extension cohort and reported that 
DNMT3A mutations were associated with a worse OS and relapse-
free survival in each stratified risk group according to NPM1/FLT3-
ITD genotypes.25 The importance of DNMT3A mutations has been 
reassessed as a factor predicting a poor prognosis. Based on our 
results, we created a newly modified risk classification. This new 
prognostic model clarifies the importance of DNMT3AR882 muta-
tions and emphasizes the importance of triple-mutated AML with 
duplicate FLT3-ITD, NPM1 mutations, and DNMT3A mutations. In 
recent years, several large cohort studies have reported a poor 
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prognosis in triple-mutated AML.2,26–28 Our study further supports 
these studies. The recently released ELN 2022 risk classification 
did not adopt the DNMT3A mutation as a poor prognostic factor, 
because it might have been thought that the efficacy of an FLT3 
inhibitor combined with chemotherapy must have overcome the 
poor prognosis associated with the triple-mutant type.29 The Ratify 
trial revealed that midostaurin, as an adjunct to daunorubicin-
cytarabine induction and high-dose cytarabine consolidation ther-
apy, improved the long-term survival rate.30 Based on this result, 
it has become standard to incorporate the FLT3 inhibitor mido-
staurin into first-line therapy for patients with FLT3-mutated AML. 
Certainly, combination chemotherapy using FLT3 inhibitors and 
subsequent bridging to allo-HSCT might be the key to treatment 
success for triple-mutated AML that is treatment refractory in the 
early treatment phase, but there is no evidence that FLT3 inhibitors 
can improve the prognosis of triple-mutated AML to date. In fact, 
considering that the prognosis of triple-mutated AML is extremely 

poor, as reflected by the data of this study, the use of FLT3 inhib-
itors would most likely also result in inadequate therapeutic out-
comes, hence implying the importance of thoroughly validating the 
recommendation proposed in the ELN 2022 guidelines. Early pre-
diction using subsequent molecular responses to NPM1 mutations 
can help to develop improved strategies for the treatment of NPM1-
mutated AML harboring DNMT3A mutations. Recently, Onate et al. 
analyzed 164 patients diagnosed with NPM1-mutated AML enrolled 
in the Spanish Cooperative Group for the Diagnosis and Treatment 
of Acute Myeloid Leukemia and Myelodysplastic Syndromes 
(CETLAM) protocols. The authors reported that DNMT3A muta-
tions did not modify the prognostic value of FLT3-ITD AR in NPM1-
mutated AML, although patients with the DNMT3A mutation had 
a worse clearance of measurable residual disease (MRD) for NPM1 
mutation.31 The adverse effect of the DNMT3 mutation may be 
counteracted by a closer follow-up of NPM1-mutation MRD and a 
pre-emptive therapeutic intervention.

F I G U R E  4  Prognostic model based on DNMT3AR882 mutation/NPM1 mutation/FLT3-ITD allelic ratio genotypes. (A) Prognostic 
stratification using NPM1/FLT3-ITD genotypes (overall survival; OS) according to the European LeukemiaNet 2017 (ELN 2017) classification 
of NPM1-mutated acute myeloid leukemia (AML). (B) Prognostic stratification using NPM1/FLT3-ITD genotypes (OS censored at allo-HSCT) 
according to the ELN 2017 classification of NPM1-mutated AML. (C) Prognostic stratification using NPM1/FLT3-ITD genotypes (event-
free survival; EFS) according to the ELN 2017 classification of NPM1-mutated AML. (D) Prognostic stratification using DNMT3AR882/
NPM1/FLT3-ITD genotypes (OS) according to the multicenter collaborative program for gene sequencing of Japanese AML (GS-JAML) 
classification of NPM1-mutated AML. (E) Prognostic stratification using DNMT3AR882/NPM1/FLT3-ITD genotypes (OS censored at allo-
HSCT) according to the GS-JAML classification of NPM1-mutated AML (F) Prognostic stratification using DNMT3AR882/NPM1/FLT3-ITD 
genotypes (EFS) according to the GS-JAML classification of NPM1-mutated AML
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In conclusion, we showed that DNMT3AR882 mutations are an 
independent factor that can predict a poor prognosis; when con-
founding factors that include DNMT3AR882 mutations were ex-
cluded, NPM1 mutations were a strong factor associated with a 
favorable prognosis. These findings indicate that ethnological 
prognostic discrepancies in NPM1 mutations might be corrected by 
stratifying prognosis based on the DNMT3A status. In addition, the 
triple-mutant disease was associated with an inferior response to 
early-phase AML therapy, which could provide new insights for indi-
vidualized AML chemotherapy.
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