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Abstract
Venetoclax and azacitidine (VEN/AZA), which target BCL-2 and DNA methylation, have demonstrated substantial effi-
cacy, particularly in older or unfit patients with acute myeloid leukemia (AML). Wilms’ Tumor-1 (WT1) mRNA, measur-
able in peripheral blood (PB), is an established biomarker for monitoring treatment response and predicting AML progno-
sis. We conducted a retrospective analysis of patients with AML treated with VEN/AZA within the Okayama Hematology 
Study Group (OHSG). Patients who showed a marked reduction in PB WT1 mRNA levels from baseline after the first or 
second treatment cycle had significantly improved overall survival (OS) and progression-free survival (PFS). Moreover, 
achieving PB WT1 mRNA negativity-regardless of whether this occurred early or later in the therapy།was consistently 
associated with superior OS and PFS. These findings suggest that PB WT1 mRNA is a sensitive and reliable biomarker 
for predicting treatment response and long-term outcomes in patients with AML receiving VEN/AZA.
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both newly diagnosed and relapsed/refractory (R/R) AML, 
with high complete remission (CR) rates and improved sur-
vival reported in multiple prospective trials [1–5].

Despite these advances, the evaluation of the treatment 
response during VEN/AZA therapy remains clinically chal-
lenging. Bone marrow (BM) assessment is typically rec-
ommended 14–21 days after treatment initiation; however, 
profound myelosuppression and BM hypocellularity often 

Introduction

Venetoclax, a selective B-cell lymphoma 2 (BCL-2) inhibi-
tor, in combination with hypomethylating agents (HMAs), 
has become a standard regimen for patients with acute 
myeloid leukemia (AML) who are medically unfit for inten-
sive chemotherapy. This combination venetoclax and azacit-
idine (VEN/AZA) has demonstrated substantial efficacy in 
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hinder differentiation between residual disease and therapy-
induced cytopenia. Therefore, reliable surrogate biomarkers 
for early response assessment are needed.

Recent studies have highlighted the prognostic value of 
measurable residual disease (MRD) monitoring using multi-
parametric flow cytometry of BM aspirates in patients with 
AML undergoing VEN/AZA therapy [6]. MRD negativity 
after treatment was associated with prolonged remission and 
improved EFS, and overall survival (OS). However, flow 
cytometry-based MRD assessment requires repeated BM 
aspirations and may not be feasible in all clinical settings.

The Wilm’s tumor gene WT1 mRNA expression in 
peripheral blood (PB) is an established tumor marker for 
monitoring disease status in myelodysplastic syndromes 
(MDS) and AML. The WT1 gene, located on chromosome 
11p13, encodes a transcriptional regulator with a 52–54 kDa 
zinc finger domain that modulates the expression of various 
growth factors and their receptors [7, 8]. Although initially 
identified as a tumor suppressor gene in pediatric Wilms’ 
tumors, WT1 exerts oncogenic functions in hematopoietic 
malignancies, including AML [9].

Although MRD monitoring in the context of venetoclax 
and HMAs combination therapy has gained increasing atten-
tion [6, 10–12], the clinical utility of PB WT1 mRNA kinet-
ics during VEN/AZA therapy-particularly its prognostic and 
predictive significance།has remained unclear. To address 
this gap, we conducted a multicenter retrospective analysis 
of patients with AML treated with VEN/AZA to determine 
whether dynamic changes in PB WT1 mRNA could serve as 
a surrogate marker of treatment response and survival.

Materials and methods

Study design

This retrospective study included 186 AML patients, exclud-
ing those with acute promyelocytic leukemia, who received 
VEN/AZA therapy between March 2021 and December 
2022 at institutions affiliated with the Okayama Hematology 
Study Group (OHSG). Patients were followed until March 
31, 2023. Clinical data were retrospectively collected from 
medical records.

Patients were excluded if they had acute promyelocytic 
leukemia, lacked at least one WT1 mRNA measurement 
before and after VEN/AZA treatment, or had baseline WT1 
mRNA levels below the assay detection limit. Treatment 
responses were defined according to the 2017 European Leu-
kemiaNet (ELN) guidelines [13]. Standard ELN2017 criteria 
were applied for CR, CR with incomplete hematologic recov-
ery (CRi), morphologic leukemia-free state (MLFS), and par-
tial remission (PR), whereas trial-specific ELN criteria were 

used for stable disease (SD) and progressive disease (PD) 
[13]. This study was approved by the Ethics Committee of 
Okayama University (No. 2208-012; June 24, 2022).

Dosing regimen

Venetoclax in combination with azacitidine (75 mg/m2 
administered subcutaneously or intravenously for seven 
consecutive days) was given in 28-day cycles. VEN was 
administered orally once daily. Dose ramp-up was per-
formed over 3–4 days in accordance with the package insert 
to mitigate the risk of tumor lysis syndrome. Dose adjust-
ments were made based on the package insert, particularly 
with the concomitant use of CYP3A-inhibiting antifungal 
agents. Dose reduction, temporary interruption, and short-
ening of treatment duration were permitted at the discretion 
of the treating physician.

WT1 mRNA expression analysis

Peripheral blood leukocyte WT1 mRNA levels were quanti-
fied using the WT1 mRNA Measurement Kit II “Otsuka” 
(Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan). Total 
RNA was extracted from PB leukocytes and adjusted to 50 
ng/µL prior to analysis.

The assay employed a multiplex one-step RT-qPCR 
method. A WT1-specific reverse primer initiated first-strand 
cDNA synthesis, followed by PCR amplification in the same 
reaction vessel. A TaqMan probe bound to the amplified 
cDNA and was cleaved by the 5’→3’ exonuclease activity 
of the DNA polymerase, releasing fluorescence proportional 
to WT1 cDNA levels during each cycle.

GAPDH mRNA was co-amplified as an endogenous con-
trol, with WT1 and GAPDH probes labeled with FAM and 
HEX, respectively, enabling simultaneous duplex detection. 
Results were expressed as copies/µg RNA normalized to 
GAPDH. The lower limit of detection was 50 copies/µg RNA.

This assay has been reported to have a sensitivity of 
86.7% and a specificity of 78.7% for PB samples using a 
cutoff value of 200 copies/µg RNA. For BM samples, a 
cutoff value of 1300 copies/µg RNA yields a sensitivity of 
80.0% and specificity of 67.1% [14].

Statistical analysis

The Kruskal–Wallis test was used to compare PB WT1 mRNA 
levels across response categories. Fisher’s exact test was used 
to compare the CR/CRi rates between patients who achieved 
a reduction in PB WT1 mRNA levels and those who did not.

OS and progression-free survival (PFS) were estimated 
using the Kaplan-Meier method, with group comparisons 
performed using the log-rank test. Except for receiver 
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operating characteristic (ROC) curve and multivariate anal-
yses, statistical analyses were conducted using GraphPad 
Prism 8 (GraphPad Software, San Diego, CA, USA). ROC 
analysis, cutoff determination, and multivariate analyses 
were performed using R software (The R Foundation for 
Statistical Computing, Vienna, Austria).

Results

Patient characteristics

A total of 186 patients were included in this study. Among 
these, one was excluded because WT1 mRNA levels were not 
measured at any time point before or after VEN/AZA therapy. 
An additional 11 patients were excluded because their WT1 
mRNA levels were below the assay detection limit. Conse-
quently, 12 patients were excluded, and 174 patients were 
included in the final analysis (Supplementary Fig. S1).

Baseline characteristics were summarized in Table 1. The 
median age was 74 years (range. 20–88 years). More than half 
of the patients were treated for R/R AML (n = 101, 58.0%), 58 
(33.3%) had secondary AML, and 17 (10.5%) had therapy-
related AML. Eastern Cooperative Oncology Group (ECOG) 
performance status (PS) was 0–1 in 142 patients (81.6%) and 
2–3 in 32 patients (18.4%). According to the fourth World 
Health Organization (WHO) classification, 69 patients 
(39.7%) had AML, not otherwise specified (NOS) and 72 
(40.8%) had AML with myelodysplasia-related changes 
(AML-MRC). Based on ELN 2017 risk stratification, 8.3% 
of patients were classified as favorable risk, 49.1% as inter-
mediate risk, and 42.0% as adverse risk. Core-binding factor 
AML (RUNX1::RUNX1T1 and CBFB::MYH11 rearrange-
ments) was identified in three patients (2.2%), and NPM1 
mutations were detected in six patients (4.3%).

Treatment characteristics

Treatment details are summarized in Tables  2 and 3, and 
responses after the first cycle, second cycle, and at best 
response are shown in Fig. 1. Therapeutic efficacy improved 
with successive treatment cycles (Fig. 1A).

The best responses were CR in 71 (43.3%) patients, CRi 
in 35 (21.3%), MLFS in 8 (4.9%), PR in 16 (9.8%), SD 
in 14 (8.5%), and PD in 20 (12.2%); 106 patients (64.6%) 
achieved CR/CRi (Fig. 1B).

Best response was evaluated in 164 of 174 patients; how-
ever, the reasons for the lack of evaluation in the remaining 

Table 1  Patient characteristics
Total (n = 174)

Age, median (range), year 74 (20-88)
Sex
  Female 75
  Male 99
AML setting
  Newly diagnosed 73 (39.2)
  Relapse/Refractory 101(58.0)
AML subtype
  De novo 96 (55.2)
  Secondary 58 (33.3)
  Therapy related 17 (10.5)
ECOG performance status
  0–1 142 (81.6)
  2–3 32 (18.4)
Favorable-risk molecular abnormalities
  RUNX1::RUNX1T1 3 (2.2)
  CBFB::MYH11 3 (2.2)
  NPM1 mutation 6 (4.3)
  AML, NOS 69 (39.7)
  AML with MRC 71 (40.8)
  AML with RGA 9 (5.2)
  AML with mutated NPM1 6 (3.4)
  Myeloid sarcoma 1 (0.6)
  Therapy-related Myeloid neoplasm 16 (9.2)
  Others 3 (1.6)
ELN2017 risk classification
  Favorable 14 (8.3)
  Intermediate 83 (49.1)
  Adverse 73 (42.0)
Abbreviation: AML acute myeloid leukemia, AML NOS acute myeloid 
leukemia not otherwise specified, AML with MRC acute myeloid leu-
kemia with myelodysplasia related changes, AML with RGA acute 
myeloid leukemia with recurrent genetic abnormalities

Table 2  Number of VEN/AZA cycles to response
WT1 mRNA reduction Non-

CR/CRi 
(n = 59)

CR/CRi 
(n = 106)

P 
value

≥1-log reduction after the first cycle 8 (16.3) 56 (56.0) <0.001
≥2-log reduction after the first cycle 2 (4.1) 33 (33.0) <0.001
≥1-log reduction after the second cycle 7 (25.9) 55 (64.0) 0.001
≥2-log reduction after the second cycle 2 (7.4) 40 (46.5) 0.001
Abbreviation: VEN/AZA Venetoclax and azacitidine combination 
therapy

Table 3  Best response during VEN/AZA therapy
Total (n = 164)

Best response
  CR 71 (43.3)
  CRi 35 (21.3)
  MLFS 8 (4.9)
  PR 16 (9.8)
  SD 14 (8.5)
  PD 20 (12.2)
Abbreviation: CR complete remission, CRi complete remission with 
incomplete blood count recovery, MLFS morphologic leukemia-free 
status, PR partial response, SD stable disease, PD progressive disease
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10 patients were unavailable. The median number of treat-
ment cycles was four. The median time from treatment ini-
tiation to best response was one cycle, and the median time 
from best response to treatment discontinuation was two 
cycles.

WT1 mRNA kinetics as a marker of therapeutic 
efficacy

Baseline PB WT1 mRNA levels did not differ significantly 
among best response groups (Fig.  2A).Similarly, OS and 
PFS did not differ significantly between patients with high 
and low baseline WT1 mRNA levels (cutoff: median value 
of 1400 copies/µgRNA; Supplementary Fig. S2).

After one cycle of VEN/AZA, PB WT1 mRNA levels 
were significantly lower in patients who achieved CR than 
in those who achieved PR, SD, or PD (Fig.  2B). Patients 
who achieved CRi also exhibited significantly lower WT1 
mRNA levels than those with PD (Fig.  2B). Notably, 
patients with high WT1 mRNA levels after the first cycle 
(cutoff: 580 copies/µgRNA) had significantly shorter OS 
and PFS (Fig. 2C and D).

After two cycles, PB WT1 mRNA levels remained signif-
icantly lower in patients achieved CR or CRi than in those 
with PR or SD (Fig. 2E). Patients with high WT1 mRNA 
levels (cutoff: 210 copies/µgRNA) exhibited significantly 
worse OS and PFS (Fig. 2F and G).

Longitudinal analyses by best-response category showed 
that PB WT1 mRNA levels consistently declined after both 
the first and second cycles in patients who achieved CR, 
CRi, or MLFS (Supplementary Fig. S3). In contrast, WT1 

mRNA levels increased after the second cycle in patients 
with PR or SD and increased as early as the first cycle in 
patients with PD (Supplementary Fig. S3).

Prognostic impact of WT1 mRNA reduction during 
VEN/AZA treatment

After the first and second cycles of VEN/AZA therapy, a 
significantly higher proportion of patients who achieved 
a ≥ 1-log or ≥ 2-log reduction in PB WT1 mRNA levels ulti-
mately attained CR or CRi as their best response (Table 4).

Consistent with previous reports showing that a ≥ 1-log 
reduction in WT1 mRNA levels after the second cycle of 
VEN/AZA is associated with favorable survival, we per-
formed a similar analysis in our cohort. Consistent with ear-
lier findings, a ≥ 1-log reduction in WT1 mRNA levels after 
the second cycle was significantly correlated with improved 
OS and PFS (Figs. 3A–D).

Furthermore, a ≥ 2-log reduction after the first cycle 
was also associated with significantly better OS and PFS 
(Figs. 3E–H). In both univariate and multivariate analyses 
of OS and PFS, a ≥ 2-log reduction in WT1 mRNA after the 
second cycle emerged as an independent prognostic factor 
for OS and PFS (Tables 5 and 6).

ROC analysis demonstrated the predictive value of PB 
WT1 mRNA levels after the first and second cycles of for 
achieving CR or CRi (Supplementary Figure S4). Optimal 
cutoff values were < 2350 copies/µgRNA after the first cycle 
and < 890 copies/µgRNA after the second cycle.

Collectively, these findings indicated that PB WT1 mRNA 
is a early indicator of therapeutic efficacy of VEN/AZA.

Fig. 1  Treatment responses to venetoclax plus azacitidine (VEN/
AZA) therapy. (A) Treatment responses after the first cycle, second 
cycle, and at best response during VEN/AZA therapy. Therapeutic effi-
cacy appeared to improve with successive treatment cycles. (B) Best 
responses achieved during VEN/AZA therapy. Complete remission 
(CR) was observed in 71 patients (43.3%), complete remission with 
incomplete blood count recovery (CRi) in 35 (21.3%), morphologic 

leukemia-free state (MLFS) in 8 (4.9%), partial response (PR) in 16 
(9.8%), stable disease (SD) in 14 (8.5%), and progressive disease (PD) 
in 20 (12.2%). Overall, 106 patients (64.6%) achieved either CR or 
CRi. The median number of treatment cycles administered was four, 
with a median of one cycle from treatment initiation to best response 
and two cycles from best response to treatment discontinuation
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Fig. 2  Peripheral blood WT1 
mRNA levels in relation to 
treatment response and survival 
in patients receiving VEN/AZA 
therapy. WT1 mRNA dynamics 
and survival outcomes accord-
ing to treatment response to 
venetoclax and azacitidine (VEN/
AZA). (A) Peripheral blood (PB) 
WT1 mRNA levels before VEN/
AZA therapy stratified by best 
response. (B) PB WT1 mRNA 
levels after the first cycle of 
VEN/AZA treatment accord-
ing to the treatment response. 
(C, D) Kaplan–Meier curves 
for overall survival (OS) (C) 
and progression-free survival 
(PFS) (D) stratified by PB WT1 
mRNA levels after the first 
cycle of VEN/AZA, divided 
into high and low groups using 
a cutoff of 580 copies/µg RNA. 
(E) PB WT1 mRNA levels after 
the second cycle of VEN/AZA, 
stratified by treatment response. 
(F, G) Kaplan–Meier curves for 
OS (F) and PFS (G) accord-
ing to PB WT1 mRNA levels 
after the second cycle of VEN/
AZA, divided into high and low 
groups using the median cutoff of 
210 copies/µg RNA. Statistical 
analyses were performed using 
the Kruskal–Wallis test for panels 
A, B, and E, and the log-rank 
test for panels C, D, F, and G; 
*p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001
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Prognostic impact of WT1 mRNA negativity on OS 
and PFS

We further evaluated the prognostic significance of undetect-
able WT1 mRNA levels. Patients who achieved WT1 mRNA 
negativity in PB had significantly longer OS and PFS than 
those who remained WT1 mRNA-positive (Figs. 4A, B).

No significant differences in OS or PFS were observed 
based on the timing of WT1 mRNA negativity (first, second, 
third, or later cycles).However, all WT1 mRNA-negative 
groups demonstrated superior outcomes compared with 
WT1-positive patients (Figs. 4C, D).

Table 4  Proportion of patients achieving CR/CRi according to WT1 
mRNA reduction after the first and second cycles of VEN/AZA
WT1 mRNA reduction Non-

CR/CRi 
(n = 59)

CR/CRi 
(n = 106)

P 
value

≥ 1-log reduction after the first cycle 8 (16.3) 56 (56.0) < 0.001
≥ 2-log reduction after the first cycle 2 (4.1) 33 (33.0) < 0.001
≥ 1-log reduction after the second 
cycle

7 (25.9) 55 (64.0) 0.001

≥ 2-log reduction after the second 
cycle

2 (7.4) 40 (46.5) 0.001

Abbreviation: CR complete remission, CRi complete remission with 
incomplete blood count recovery

Fig. 3  Kaplan–Meier survival 
analyses according to WT1 
mRNA reduction after VEN/AZA 
therapy. (A, B) Overall survival 
(OS) and progression-free sur-
vival (PFS) in patients stratified 
by ≥ 1-log reduction in peripheral 
blood WT1 mRNA levels after 
the second cycle of VEN/AZA 
therapy. A ≥ 1-log reduction was 
significantly associated with 
improved OS (A) and PFS (B). 
(C, D) OS and PFS according to 
≥ 2-log reduction in WT1 mRNA 
levels after the second cycle of 
VEN/AZA. Patients achieving 
a ≥ 2-log reduction exhibited sig-
nificantly better outcomes (C, D). 
(E, F) OS and PFS comparisons 
between patients who did or did 
not achieve a ≥ 1-log reduction in 
WT1 mRNA after the first cycle 
of therapy. (G, H) OS and PFS 
comparisons according to the 
presence or absence of a ≥ 2-log 
reduction after the first cycle. 
All statistical comparisons were 
performed using the log-rank test
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These findings suggest that the time required to achieve 
WT1 mRNA negativity dose not affect prognosis, consis-
tent with prior studies [6, 15]. Subgroup analyses stratified 
by disease status (newly diagnosed vs. relapsed/refractory 
AML) showed similar trends. Notably, WT1 mRNA nega-
tivity remained significantly associated with improved OS 
and PFS in the relapsed/refractory subgroup (Supplemen-
tary Tables 1–2 and Supplementary Figs. S5–8).

Discussion

In patients receiving venetoclax in combination with HMAs, 
the achievement of MRD negativity by multiparameter flow 
cytometry has been reported as a significant prognostic fac-
tor for OS and PFS [6, 11]. More recently, molecular MRD 
assessment using mutation-specific reverse transcription 
quantitative polymerase chain reaction (RT-qPCR) has dem-
onstrated strong predictive value in NPM1-mutated AML 
treated with venetoclax-based low-intensity therapy [15].

In contrast, WT1 mRNA expression in PB has been inves-
tigated as an alternative MRD marker, particularly in the con-
text of hematopoietic stem cell transplantation [16, 17]. In this 
study, we demonstrate the clinical utility of PB WT1 mRNA 
dynamics as a practical biomarker for monitoring treatment 
efficacy and predicting long-term outcomes in patients with 
AML treated with VEN/AZA. Although the prognostic sig-
nificance of MRD monitoring in AML is well established [12, 
14, 18], our findings provide additional evidence supporting 

WT1 mRNA as a broadly applicable, non-invasive surrogate 
marker that may complement–or, in some cases, substitute 
for–more invasive MRD assessment modalities.

In our cohort, patients who achieved WT1 mRNA nega-
tivity in PB had significantly prolonged OS and PFS com-
pared with those who remained positive. Notably, the timing 
of WT1 mRNA negativity—whether after the first, second, 
or subsequent treatment cycles—did not significantly affect 
survival outcomes. This finding is consistent with previous 
reports suggesting that delayed molecular remission may 
confer survival benefits in patients treated with venetoclax-
based low-intensity therapy [15, 19]. These results suggest 
that continued VEN/AZA therapy may remain beneficial 
even when WT1 mRNA negativity is not achieved early, 
provided eventual clearance occurs.

Importantly, our findings extend previous observations by 
demonstrating that the prognostic relevance of WT1 mRNA 
clearance is independent of the timing of its achievement, an 
aspect that has not been previously addressed. Additionally, 
ROC curve analysis identified specific PB WT1 mRNA cutoff 
values (< 2350 copies/µg RNA after cycle 1 and < 890 copies/
µg RNA after cycle 2) predictive of CR/CRi achievement. 
These thresholds may serve as clinically actionable bench-
marks for early risk stratification and treatment optimization.

Furthermore, increased WT1 mRNA levels after treat-
ment cycles were frequently observed in patients with PR, 
SD, or PD, underscoring the potential of WT1 mRNA kinet-
ics as a dynamic indicator of leukemic activity and treat-
ment resistance.

Table 5  Univariate and multivariate analyses for overall survival
Variables Univariate model Multivariate model

HR 95%CI P value HR 95%CI P value
Age, ≥ 75 1.40 0.88–2.23 0.15
Sex, male 1.01 0.63–1.64 0.96
ECOG PS, 2–4 1.60 0.91–2.79 0.10
AML type, de-novo 0.42 0.26–0.68 0.00036 0.68 0.30–1.56 0.37
ELN2017, Adverse 1.83 1.147–2.909 0.011 1.12 0.48–2.61 0.79
≥ 2-log reduction after the second cycle 0.25 0.12–0.56 0.00061 0.25 0.096–0.67 0.0056
Abbreviation: HR hazard ratio, 95% CI 95% confidence interval, ECOG PS ECOG Performance Status, ELN European LeukemiaNet, ≥ 2-log 
reduction after the second cycle; ≥2-log reduction of WT1 mRNA after the second cycle of venetoclax azacitidine combination therapy

Table 6  Univariate and multivariate analyses for progression free survival
Variables Univariate model Multivariate model

HR 95%CI P value HR 95%CI P value
Age, ≥ 75 0.87 0.56–1.34 0.52
Sex, male 0.76 0.49–1.19 0.23
ECOG PS, 2–4 1.46 0.87–2.46 0.16
AML type, de-novo 0.63 0.41–0.97 0.037 0.81 0.41–1.63 0.56
ELN2017, Adverse 2.21 1.45–3.41 0.00039 1.77 0.89–3.51 0.10
≥ 2-log reduction after the second cycle 0.34 0.17–0.65 0.0012 0.34 0.155–0.77 0.0091
Abbreviation: HR hazard ratio, 95% CI 95% confidence interval, ECOG PS ECOG Performance Status, ELN European LeukemiaNet, ≥ 2-log 
reduction after the second cycle; ≥2-log reduction of WT1 mRNA after the second cycle of venetoclax azacitidine combination therapy
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Although WT1 mRNA lacks mutation specificity and 
is generally less sensitive than molecular assays, its broad 
applicability, standardized methodology, and non-inva-
siveness make it an attractive option for routine clinical 
monitoring. Unlike BM-based assessments, PB WT1 moni-
toring reduces patient burden and enables more frequent 
evaluations of treatment response, which is an important 
advantage for elderly or frail patients who may not tolerate 
repeated BM examinations.

This study has several limitations. First, its retrospective 
study design introduces potential selection and information 
biases. Second, the cohort included both newly diagnosed 
and relapsed/refractory AML patients, and outcomes may 
have been influenced by post-remission therapies, includ-
ing allogeneic stem cell transplantation. Third, patients with 
baseline WT1 mRNA levels below the assay detection limit 
were excluded; thus, our findings are only applicable to 
patients with WT1-positive disease at baseline.

In addition, flow cytometry–based MRD and molecular 
MRD data were not available, precluding direct comparison 

with other established MRD assessment methods [20, 21]. 
The WT1 mRNA assay used in this study is approved by the 
Japanese National Health Insurance System for monitoring 
MDS and AML. However, WT1 mRNA levels were quan-
tified using an assay-specific normalization method rather 
than the ABL1-based standardization used in internationally 
standardized RT-qPCR assays [20, 21]. Therefore, compari-
sons with previously reported WT1 data should be interpreted 
with caution. Although WT1 mRNA monitoring is widely 
implemented and standardized in Japan, its availability and 
adoption may vary across institutions and countries.

In conclusion, PB WT1 mRNA is a clinically valuable 
biomarker for monitoring treatment response and predicting 
survival in patients with AML receiving VEN/AZA therapy. 
Both a ≥ 2-log reduction after the second treatment cycle 
and the eventual achievement of WT1 mRNA negativity 
were strongly associated with favorable outcomes. These 
findings support the integration of WT1 mRNA kinetics into 
AML treatment algorithms and warrant prospective valida-
tion in larger, more homogeneous cohorts.

Fig. 4  Prognostic impact of WT1 
mRNA negativity in peripheral 
blood after VEN/AZA therapy. 
(A, B) Kaplan–Meier curves for 
overall survival (OS) (A) and 
progression-free survival (PFS) 
(B) stratified by WT1 mRNA 
detectability in peripheral blood. 
Patients who achieved WT1 
mRNA negativity at any time 
during VEN/AZA treatment 
exhibited significantly improved 
OS and PFS compared with those 
who remained WT1 mRNA-posi-
tive. (C, D) OS (C) and PFS (D) 
according to the timing of WT1 
mRNA negativity (after cycle 1, 
cycle 2, or cycle ≥ 3). Although 
no significant differences were 
observed among the three 
negative groups, all demonstrated 
superior outcomes compared 
with patients who did not achieve 
WT1 mRNA clearance. Statistical 
analyses were performed using 
the log-rank test

 



1 3

Page 9 of 10    309 Annals of Hematology         (2026) 105:309 

Supplementary Information  The online version contains supplementary 
material available at ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​7​/​s​0​0​2​7​7​-​0​2​6​-​0​7​0​4​6​-​5​​​​​.​​

Acknowledgements  We thank all patients and their families who 
participated in this study. We are also grateful to Dr. Yoshiaki Usui 
(RIKEN) for his valuable advice on the study design. We would like to 
thank Editage (www.editage.jp) for English language editing.

Author contributions  H.S. and N.A. designed the study and drafted 
the manuscript. T.A., Y.M., T.U., T.I., M.N., K.Y., T.I., M.M., T.Y., 
K.S., K.S., Y.N., M.K., M.T., M.A., S.A. and T.Y. contributed data and 
provided clinical input. Y.M. supervised the study.

Funding  Open Access funding provided by Okayama University. This 
study did not receive external funding.

Data availability  The data that support the findings of this study are 
available from the corresponding author upon reasonable request.

Declarations

Ethics approval  The study protocol was conducted in accordance with 
the Declaration of Helsinki and was approved by the Ethics Commit-
tee of Okayama University Hospital (approved No. 2208-012; June 
24, 2022). The requirement for written informed consent was waived 
due to the retrospective nature of the study, and an opt-out option was 
provided via the institutional website.

Competing interests  Competing interests: KS has received research 
funding from ONO, BeiGene, AbbVie, Sanofi, Bristol Myers Squibb, 
GlaxoSmithKline, Chugai, Otsuka, Janssen, Novartis, Pfizer, Kyowa 
Kirin, Mitsubishi Tanabe, Incyte, and received honoraria from MS, 
Janssen, Sanofi, and Pfizer. YH has received honoraria from Chugai 
Pharmaceutical CO., Ltd and Sanofi K.K. All other authors declare no 
competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License, 
which permits any non-commercial use, sharing, distribution and 
reproduction in any medium or format, as long as you give appropri-
ate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if you modified the licensed 
material. You do not have permission under this licence to share 
adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Cre-
ative Commons licence, unless indicated otherwise in a credit line to 
the material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory regu-
lation or exceeds the permitted use, you will need to obtain permission 
directly from the copyright holder. To view a copy of this licence, visit 
http://​creativ​ecommon​s.org​/licenses/by-nc-nd/4.0/.

References

1.	 DiNardo CD, Jonas BA, Pullarkat V, Thirman MJ, Garcia JS, Wei 
AH, Konopleva M, Dohner H, Letai A, Fenaux P, Koller E, Have-
lange V, Leber B, Esteve J, Wang J, Pejsa V, Hajek R, Porkka 
K, Illes A, Lavie D, Lemoli RM, Yamamoto K, Yoon SS, Jang 
JH, Yeh SP, Turgut M, Hong WJ, Zhou Y, Potluri J, Pratz KW 
(2020) Azacitidine and Venetoclax in Previously Untreated Acute 
Myeloid Leukemia. N Engl J Med 383:617–629. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​
0​.​1​0​5​6​/​N​E​J​M​o​a​2​0​1​2​9​7​1​​​​​​​

2.	 Winters AC, Gutman JA, Purev E, Nakic M, Tobin J, Chase S, 
Kaiser J, Lyle L, Boggs C, Halsema K, Schowinsky JT, Rosser J, 
Ewalt MD, Siegele B, Rana V, Schuster S, Abbott D, Stevens BM, 
Jordan CT, Smith C, Pollyea DA (2019) Real-world experience 
of venetoclax with azacitidine for untreated patients with acute 
myeloid leukemia. Blood Adv 3:2911–2919. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​
8​2​/​b​l​o​o​d​a​d​v​a​n​c​e​s​.​2​0​1​9​0​0​0​2​4​3​​​​​​​

3.	 DiNardo CD, Rausch CR, Benton C, Kadia T, Jain N, Pemmaraju 
N, Daver N, Covert W, Marx KR, Mace M, Jabbour E, Cortes J, 
Garcia-Manero G, Ravandi F, Bhalla KN, Kantarjian H, Kono-
pleva M (2018) Clinical experience with the BCL2-inhibitor 
venetoclax in combination therapy for relapsed and refractory 
acute myeloid leukemia and related myeloid malignancies. Am J 
Hematol 93:401–407. https:/​/doi.or​g/10.10​02/aj​h.25000

4.	 Ravindra A, Acharya L, Loeffler B, Mott S, Sutamtewagul G, 
Dhakal P (2023) Venetoclax-based therapy in treatment-naive 
and relapsed/refractory acute myeloid leukemia. Leuk Res 
135:107407. https:/​/doi.or​g/10.10​16/j.​leukres.2023.107407

5.	 Labrador J, Saiz-Rodriguez M, de Miguel D, de Laiglesia A, 
Rodriguez-Medina C, Vidriales MB, Perez-Encinas M, Sanchez-
Sanchez MJ, Cuello R, Roldan-Perez A, Vives S, Benzo-Callejo 
G, Colorado M, Garcia-Fortes M, Sayas MJ, Olivier C, Recio 
I, Conde-Royo D, Bienert-Garcia A, Vahi M, Munoz-Garcia C, 
Seri-Merino C, Tormo M, Vall-Llovera F, Foncillas MA, Mar-
tinez-Cuadron D, Sanz MA, Montesinos P (2022) Use of Vene-
toclax in Patients with Relapsed or Refractory Acute Myeloid 
Leukemia: The PETHEMA Registry Experience. Cancers (Basel) 
14. https:/​/doi.or​g/10.33​90/ca​ncers14071734

6.	 Pratz KW, Jonas BA, Pullarkat V, Recher C, Schuh AC, Thirman 
MJ, Garcia JS, DiNardo CD, Vorobyev V, Fracchiolla NS, Yeh 
SP, Jang JH, Ozcan M, Yamamoto K, Illes A, Zhou Y, Dail M, 
Chyla B, Potluri J, Dohner H (2022) Measurable Residual Dis-
ease Response and Prognosis in Treatment-Naive Acute Myeloid 
Leukemia With Venetoclax and Azacitidine. J Clin Oncol 40:855–
865. https:/​/doi.or​g/10.12​00/JC​O.21.01546

7.	 Call KM, Glaser T, Ito CY, Buckler AJ, Pelletier J, Haber DA, 
Rose EA, Kral A, Yeger H, Lewis WH et al (1990) Isolation and 
characterization of a zinc finger polypeptide gene at the human 
chromosome 11 Wilms’ tumor locus. Cell 60:509–520. ​h​t​t​​p​s​:​/​​/​d​o​​
i​.​o​​r​g​/​1​0​.​1​0​1​6​/​0​0​9​2​-​8​6​7​4​(​9​0​)​9​0​6​0​1​-​a​​​​​​​

8.	 Gessler M, Poustka A, Cavenee W, Neve RL, Orkin SH, Bruns 
GA (1990) Homozygous deletion in Wilms tumours of a zinc-
finger gene identified by chromosome jumping. Nature 343:774–
778. https:/​/doi.or​g/10.10​38/34​3774a0

9.	 Davies R, Moore A, Schedl A, Bratt E, Miyahawa K, Ladomery 
M, Miles C, Menke A, van Heyningen V, Hastie N (1999) Mul-
tiple roles for the Wilms’ tumor suppressor, WT1. Cancer Res 
59:1747s–1750 s; discussion 1751s

10.	 Bernardi M, Ferrara F, Carrabba MG, Mastaglio S, Lorentino F, 
Vago L, Ciceri F (2022) MRD in Venetoclax-Based Treatment for 
AML: Does it Really Matter? Front Oncol 12:890871. ​h​t​t​​p​s​:​/​​/​d​o​​i​
.​o​​r​g​/​1​0​.​3​3​8​9​/​f​o​n​c​.​2​0​2​2​.​8​9​0​8​7​1​​​​​​​

11.	 Maiti A, DiNardo CD, Wang SA, Jorgensen J, Kadia TM, Daver 
NG, Short NJ, Yilmaz M, Pemmaraju N, Borthakur G, Bose P, 
Issa GC, Ferrajoli A, Jabbour EJ, Jain N, Garcia-Manero G, Oha-
nian M, Takahashi K, Montalban-Bravo G, Masarova L, Burger 
JA, Thompson PA, Verstovsek S, Sasaki K, Andreeff M, Rausch 
CR, Montalbano KS, Pierce S, Qiao W, Ning J, Kantarjian HM, 
Konopleva MY, Ravandi F (2021) Prognostic value of measur-
able residual disease after venetoclax and decitabine in acute 
myeloid leukemia. Blood Adv 5:1876–1883. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​
1​8​2​/​b​l​o​o​d​a​d​v​a​n​c​e​s​.​2​0​2​0​0​0​3​7​1​7​​​​​​​

12.	 Sato H, Kobayashi T, Kameoka Y, Teshima K, Watanabe A, 
Yamada M, Yamashita T, Noguchi S, Michisita Y, Fujishima 
N, Kuroki J, Takahashi N (2024) Prognostic impact of periph-
eral blood WT1 mRNA dynamics in patients with acute myeloid 

https://doi.org/10.1007/s00277-026-07046-5
www.editage.jp
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1056/NEJMoa2012971
https://doi.org/10.1056/NEJMoa2012971
https://doi.org/10.1182/bloodadvances.2019000243
https://doi.org/10.1182/bloodadvances.2019000243
https://doi.org/10.1002/ajh.25000
https://doi.org/10.1016/j.leukres.2023.107407
https://doi.org/10.3390/cancers14071734
https://doi.org/10.1200/JCO.21.01546
https://doi.org/10.1016/0092-8674(90)90601-a
https://doi.org/10.1016/0092-8674(90)90601-a
https://doi.org/10.1038/343774a0
https://doi.org/10.3389/fonc.2022.890871
https://doi.org/10.3389/fonc.2022.890871
https://doi.org/10.1182/bloodadvances.2020003717
https://doi.org/10.1182/bloodadvances.2020003717


1 3

  309   Page 10 of 10 Annals of Hematology         (2026) 105:309 

leukemia treated with venetoclax combination therapy. Int J Clin 
Oncol 29:481–492. https:/​/doi.or​g/10.10​07/s1​0147-024-02480-9

13.	 Dohner H, Estey E, Grimwade D, Amadori S, Appelbaum FR, 
Buchner T, Dombret H, Ebert BL, Fenaux P, Larson RA, Levine 
RL, Lo-Coco F, Naoe T, Niederwieser D, Ossenkoppele GJ, 
Sanz M, Sierra J, Tallman MS, Tien HF, Wei AH, Lowenberg B, 
Bloomfield CD (2017) Diagnosis and management of AML in 
adults: 2017 ELN recommendations from an international expert 
panel. Blood 129:424–447. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​8​2​/​b​l​o​o​d​-​2​0​1​6​-​0​
8​-​7​3​3​1​9​6​​​​​​​

14.	 Kitamura K, Nishiyama T, Ishiyama K, Miyawaki S, Miyazaki K, 
Suzuki K, Masaie H, Okada M, Ogawa H, Imai K, Kiyoi H, Naoe 
T, Yokoyama Y, Chiba S, Hata T, Miyazaki Y, Hatta Y, Takeuchi J, 
Nannya Y, Kurokawa M, Ueda Y, Koga D, Sugiyama H, Takaku 
F (2016) Clinical usefulness of WT1 mRNA expression in bone 
marrow detected by a new WT1 mRNA assay kit for monitoring 
acute myeloid leukemia: a comparison with expression of WT1 
mRNA in peripheral blood. Int J Hematol 103:53–62. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​
o​​r​g​/​1​0​.​1​0​0​7​/​s​1​2​1​8​5​-​0​1​5​-​1​8​8​2​-​1​​​​​​​

15.	 Othman J, Tiong IS, O’Nions J, Dennis M, Mokretar K, Ivey A, 
Austin M, Latif AL, Amer M, Chan WY, Crawley C, Crolla F, 
Cross J, Dang R, Elliot J, Fong CY, Galli S, Gallipoli P, Hogan F, 
Kalkur P, Khan A, Krishnamurthy P, Laurie J, Loo S, Marshall S, 
Mehta P, Murthy V, Nagumantry S, Pillai S, Potter N, Sellar R, 
Taylor T, Zhao R, Russell NH, Wei AH, Dillon R (2024) Molecu-
lar MRD is strongly prognostic in patients with NPM1-mutated 
AML receiving venetoclax-based nonintensive therapy. Blood 
143:336–341. https:/​/doi.or​g/10.11​82/bl​ood.2023021579

16.	 Lambert J, Lambert J, Thomas X, Marceau-Renaut A, Micol 
JB, Renneville A, Clappier E, Hayette S, Recher C, Raffoux E, 
Pigneux A, Berthon C, Terre C, Celli-Lebras K, Castaigne S, 
Boissel N, Rousselot P, Preudhomme C, Dombret H, Duployez N 
(2021) Early detection of WT1 measurable residual disease iden-
tifies high-risk patients, independent of transplantation in AML. 
Blood Adv 5:5258–5268. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​8​2​/​b​l​o​o​d​a​d​v​a​n​c​e​s​.​
2​0​2​1​0​0​4​3​2​2​​​​​​​

17.	 Kitamura W, Fujii N, Nawa Y, Fujishita K, Sugiura H, Yoshioka 
T, Fujiwara Y, Usui Y, Fujii K, Fujiwara H, Asada N, Nishimori 
H, Matsuoka KI, Maeda Y (2022) Possible prognostic impact of 
WT1 mRNA expression at day + 30 after haploidentical peripheral 
blood stem cell transplantation with posttransplant cyclophos-
phamide for patients with myeloid neoplasm: a multicenter study 
from the Okayama Hematological Study Group. Int J Hematol 
115:515–524. https:/​/doi.or​g/10.10​07/s1​2185-022-03290-3

18.	 Miyawaki S, Hatsumi N, Tamaki T, Naoe T, Ozawa K, Kitamura 
K, Karasuno T, Mitani K, Kodera Y, Yamagami T, Koga D (2010) 
Prognostic potential of detection of WT1 mRNA level in periph-
eral blood in adult acute myeloid leukemia. Leuk Lymphoma 
51:1855–1861. https:/​/doi.or​g/10.31​09/10​428194.2010.507829

19.	 Pratz KW, DiNardo CD, Selleslag D, Li J, Yamamoto K, Kono-
pleva M, Stevens D, Kantarjian H, Traina F, Venditti A, Mayer 
J, Montez M, Jin H, Duan Y, Brackman D, Zha J, Potluri J, Wer-
ner M, Jonas BA (2022) Postremission cytopenia management in 
patients with acute myeloid leukemia treated with venetoclax and 
azacitidine in VIALE-A. Am J Hematol 97:E416–E419. ​h​t​t​​p​s​:​/​​/​d​
o​​i​.​o​​r​g​/​1​0​.​1​0​0​2​/​a​j​h​.​2​6​6​9​2​​​​​​​

20.	 Cilloni D, Renneville A, Hermitte F, Hills RK, Daly S, Jovanovic 
JV, Gottardi E, Fava M, Schnittger S, Weiss T, Izzo B, Nomdedeu 
J, van der Heijden A, van der Reijden BA, Jansen JH, van der 
Velden VH, Ommen H, Preudhomme C, Saglio G, Grimwade D 
(2009) Real-time quantitative polymerase chain reaction detec-
tion of minimal residual disease by standardized WT1 assay to 
enhance risk stratification in acute myeloid leukemia: a European 
LeukemiaNet study. J Clin Oncol 27:5195–5201. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​​​g​/​​
1​​0​.​1​2​0​0​/​J​C​O​.​2​0​0​9​.​2​2​.​4​8​6​5​​​​​​​

21.	 Lazzarotto D, Candoni A (2022) The Role of Wilms’ Tumor Gene 
(WT1) Expression as a Marker of Minimal Residual Disease in 
Acute Myeloid Leukemia. J Clin Med 11. ​h​t​t​​​​p​​s​:​​/​​/​d​​o​i​​.​o​r​g​/​1​0​.​3​3​9​0​
/​j​c​m​1​1​1​2​3​3​0​6​​​​​​​

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s10147-024-02480-9
https://doi.org/10.1182/blood-2016-08-733196
https://doi.org/10.1182/blood-2016-08-733196
https://doi.org/10.1007/s12185-015-1882-1
https://doi.org/10.1007/s12185-015-1882-1
https://doi.org/10.1182/blood.2023021579
https://doi.org/10.1182/bloodadvances.2021004322
https://doi.org/10.1182/bloodadvances.2021004322
https://doi.org/10.1007/s12185-022-03290-3
https://doi.org/10.3109/10428194.2010.507829
https://doi.org/10.1002/ajh.26692
https://doi.org/10.1002/ajh.26692
https://doi.org/10.1200/JCO.2009.22.4865
https://doi.org/10.1200/JCO.2009.22.4865
https://doi.org/10.3390/jcm11123306
https://doi.org/10.3390/jcm11123306

	﻿﻿WT1﻿ mRNA in peripheral blood enables early prognostic stratification in AML patients receiving venetoclax and azacitidine therapy
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Study design
	﻿Dosing regimen
	﻿﻿WT1﻿ mRNA expression analysis
	﻿Statistical analysis

	﻿Results
	﻿Patient characteristics
	﻿Treatment characteristics
	﻿﻿WT1﻿ mRNA kinetics as a marker of therapeutic efficacy
	﻿Prognostic impact of ﻿WT1﻿ mRNA reduction during VEN/AZA treatment
	﻿Prognostic impact of ﻿WT1﻿ mRNA negativity on OS and PFS

	﻿Discussion
	﻿References


