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Objective: This study aimed to characterize TET2 mutations in CN-AML, assess
their clinical features, and evaluate the prognostic impact of VAF and clonal
hierarchy on overall survival (OS) and relapse-free survival (RFS).
Methods: A cohort of 206 adult CN-AML patients was analyzed for the presence
of TET2 mutation characteristics, variant allele frequency (VAF) and clonal status.
Clinical and prognostic implications were evaluated through survival analyses
and validated by the Beat AML public database.
Results: TET2 mutations were detected in 18.9% of CN-AML patients, with a
median age of 55 years, signi�cantly older than TET2 wild-type patients (P <
0.001). OS and RFS were no difference in the high-VAF group and low-VAF
group. Patients with dominant TET2 mutations exhibited signi�cantly shorter OS
and RFS compared to subclonal group (P < 0.05). Multivariate Cox regression
identi�ed dominant TET2 mutations as an independent adverse prognostic factor
for OS (HR = 2.026,P = 0.039). A nomogram model based on these �ndings
demonstrated robust predictive performance (AUC = 0.735) and was validated by
the Beat AML database.
Conclusions: The prognostic impact of TET2 mutations is not determined by
VAF, but rather by TET2 clonal dominance and the interplay between mutations
within the same clone.
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1 Introduction

Acute myeloid leukemia (AML) is a heterogeneous hematologic
malignancy characterized by diverse genetic and epigenetic
alterations that in�uence disease progression and prognosis (1–3).
Among patients with cytogenetically normal AML (CN-AML),
which constitutes approximately 50% of AML cases, gene
mutations play a crucial role in risk strati�cation and therapeutic
decision-making (4, 5). Therefore, identifying molecular markers
closely associated with the prognosis of CN-AML is of critical
importance for optimizing treatment strategies and prognostic
evaluation (6, 7).

Among the various genetic alterations implicated in AML, ten-
eleven translocation 2 (TET2) mutations have garnered attention
due to its high prevalence in myeloid malignancies and its impact
on DNA demethylation and epigenetic regulation (8, 9). TET2
mutations are detected in approximately 10–25% of AML patients
and are frequently observed in older individuals (10). However,
their prognostic signi�cance in CN-AML remains controversial.
While some studies have suggested an association between TET2
mutations and adverse outcomes, the evidence remains
inconclusive (11–14) Furthermore, the clonal status of TET2
mutations—whether dominant or subclonal—and their mutation
burden, as re�ected by variant allele frequency (VAF), have not
been systematically studied in CN-AML.

In this study, we aimed to comprehensively evaluate the clinical
and prognostic relevance of TET2 mutations in a well-de�ned
cohort of 206 adult CN-AML patients. We then investigated the
impact of TET2 clonal status and mutation burden on clinical
outcomes. Understanding these aspects is critical for elucidating the
clinical implications of TET2 mutations in CN-AML.
2 Materials and methods

2.1 Patients and samples

We collected clinical data and bone marrow samples from 206
newly diagnosed cytogenetically normal acute myeloid leukemia
(CN-AML) patients treated at the Second Hospital of Shanxi
Medical University between February 2017 and December 2020.
Data included age, sex, hematologic parameters, bone marrow blast
percentage, and history of prior chemotherapy or radiotherapy, all
derived from medical records at diagnosis. Patients were treated
according to the 2017 European LeukemiaNet (ELN)
recommendations for diagnosis and management of AML. Of the
206 patients, 145 received high-intensity induction chemotherapy
(the “3 + 7” regimen), consisting of cytarabine (Ara-C) combined
with daunorubicin or idarubicin, aiming for complete remission
(CR) (15). The remaining 61 patients, primarily elderly or those
with comorbidities, received a lower-intensity induction regimen
(GAG protocol) to mitigate treatment-related toxicities. Treatment
doses and cycles were tailored to individual patient needs, with
regular monitoring and adjustments during therapy to ensure
optimal outcomes.
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Clinical endpoints were de�ned following the 2017 ELN
recommendations (15). First complete remission (CR1) was
de�ned as the absence of leukemia cells in peripheral blood and
�5% blasts in bone marrow (excluding other causes such as post-
consolidation bone marrow regeneration) or the absence of
extramedullary leukemia. Relapse (RP1) was de�ned as the
reappearance of leukemic blasts in peripheral blood, �5% blasts in
the bone marrow, or extramedullary involvement after achieving
CR1. Overall survival (OS) was de�ned as the time from diagnosis
to death or last follow-up, whereas relapse-free survival (RFS) was
measured from the date of CR1 to relapse, death, or last follow-up.
In addition, �ve patients with TET2 mutations underwent
longitudinal monitoring using NGS at multiple disease stages,
including initial diagnosis, remission, and relapse. This approach
allowed for a comprehensive assessment of clonal evolution and
molecular dynamics over the course of the disease.

All samples were collected with informed consent from patients.
The study adhered to the principles of the Declaration of Helsinki
and was approved by the Ethics Committee of the Second Hospital
of Shanxi Medical University ((2024)YX NO.362).
2.2 Molecular analysis

Targeted next-generation sequencing (NGS) was performed on
fresh bone marrow samples obtained at the time of diagnosis.
Genomic DNA was extracted via the Mini Blood DNA Kit
(Qiagen or OMEGA) and quanti�ed with a NanoDrop
spectrophotometer. We analyzed mutational hotspots or entire
coding regions of 34 genes associated with myeloid malignancies,
including FLT3, JAK2, KIT, MPL, CALR, CSF3R, PDGFRA, CEBPA,
NRAS, KRAS, NPM1, TP53, RUNX1, GATA2, WT1, TET2,
DNMT3A, IDH1, IDH2, ASXL1, BCOR, BCORL, CBL, ETV6,
EZH2, MLL, NOTCH2, PHF6, SF3B1, SRSF2, SH2B3, SETBP1,
U2AF1, and ZRSR2. Brie�y, 50 ng of genomic DNA was used for
each reaction. The samples were sequenced on the MiSeq platform
(Illumina), with an average sequencing depth of 2000×. The variant
allele frequency (VAF) was calculated as the percentage of reads
with a speci�c DNA variant compared to the total coverage at the
site. Mutations were considered present if the VAF exceeded 5% (5,
16). Patients harboring two distinct pathogenic TET2 variants in
the same sample were classi�ed as having double distinct TET2
mutation sites.
2.3 Dominant and subclonal analysis of
TET2 Mutations

To distinguish between dominant and subclonal TET2
mutations, we adopted a clonal analysis strategy previously
established for PTPN11 mutations (17). Speci�cally, we compared
the VAF of TET2 mutations with those of co-mutated genes to infer
their clonal hierarchy. For a mutation to be classi�ed as subclonal, a
minimum difference of �10% VAF compared to the most
prominent co-mutation was required. Conversely, TET2
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mutations with VAFs higher than or similar to (<10% difference)
co-mutations were classi�ed as dominant (18, 19). Sensitivity
analyses using 5% or 15% cutoffs did not materially change
subgroup assignment in this cohort. Beat Acute Myeloid
Leukemia (Beat AML) was accessed on Data from https://
registry.opendata.aws/beataml.
2.4 Data source and patient selection

Data for this study were obtained from the Beat Acute Myeloid
Leukemia (Beat AML) dataset, accessed via the Registry of Open
Data on AWS (https://registry.opendata.aws/beataml). A total of
256 patients with normal karyotype acute myeloid leukemia AML
were selected from the dataset. Clonal hierarchy strati�cation was
performed based on VAF values of patient-speci�c mutations,
following the classi�cation criteria described above.
2.5 Prediction of mutational pathogenicity

The pathogenicity of missense variants was assessed using
multiple prediction tools, including MutationTaster (https://
www.mutationtaster.org/), AlphaMissense (https://alphamissense.
hegelab.org/), PolyPhen-2 (http://genetics.bwh.Harvard.edu/pph2/
), and SIFT (https://sift.bii.a-star.edu.sg/) (20–22).
2.6 Statistical analysis

Categorical variables were summarized using frequencies and
percentages, while continuous variables were presented as medians
with ranges. Group comparisons for categorical variables were
performed using the Chi-square test or Fisher’s exact test, and
continuous variables were compared using the Mann-Whitney U
test. A two-sided p-value <0.05 was considered statistically
signi�cant. Kaplan-Meier survival curves for OS and RFS were
generated, and differences between groups were assessed using the
log-rank test. Multivariate analysis of prognostic factors was
conducted using a Cox proportional hazards model.

All statistical analyses were performed using SPSS software
version 25.0. Graphical presentations were created with GraphPad
Prism™ 8.30, and nomograms with internal validation were
constructed using the R package stats version4.4.1.
3 Results

3.1 Clinical characteristics of patients with
TET2-mutated CN-AML

A total of 785 patients with newly diagnosed AML were enrolled
from February 2017 to December 2020 at our institute. Our study
enrolled participants who met the following eligibility criteria: (1)
received induction or consolidation chemotherapy at our hospital;
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(2) had comprehensive examination and case data, including NGS
data; and (3) had a normal karyotype (Figure 1A). We ultimately
selected 206 patients, among whom 39 (18.9%) carried TET2
mutations. The median age of TET2-mutated patients was 55
years (range: 19–78 years), signi�cantly older than the median
age of TET2 wild-type patients (47 years, range: 12–86 years; P <
0.001), consistent with previous �ndings. There were no signi�cant
differences between TET2-mutated and TET2 wild-type patients in
terms of red blood cell count, white blood cell count, hemoglobin
level, platelet count, bone marrow blast percentage, lactate
dehydrogenase (LDH), or European LeukemiaNet (ELN) risk
strati�cation (P > 0.05 for all comparisons, Table 1). Detailed
clinical characteristics are presented in Table 1. Mutation site
analysis in the 39 patients with TET2 mutations revealed 30
(76.9%) cases with single mutations and 9 (23.1%) carried double
distinct TET2 mutations sites. The mutations were predominantly
located in exons 3–11, which are recognized as TET2 mutation
hotspots. The mutation types included missense (12/48), frameshift
(22/48), nonsense (11/48), insertions (1/48), and splice-site
mutations (2/48) (Figure 1B). Pathogenicity prediction using tools
such as MutationTaster, AlphaMissense, PolyPhen-2, and SIFT
revealed that all TET2 mutations, except for the F775L variant,
were classi�ed as pathogenic (Supplementary Table S1).The median
VAF of TET2 mutations was 43.36% (range: 5.58%–96.58%).
Through VAF analysis for each patient, the clonal status of TET2
mutations was inferred, with 27 cases classi�ed as dominant and 12
as subclonal (Figure 1B).

Additionally, concurrent mutations in patients with TET2-
mutations included NPM1 (33.3%), CEBPA (28.2%), NRAS
(17.9%), ASXL1 (15.3%), DNMT3A (12.8%), FLT3 (10.2%),
KRAS (10.2%), and CSF3R (10.2%). Compared with TET2 wild-
type patients, patients with TET2-mutations exhibited a
signi�cantly higher frequency of CSF3R mutations (10.2% vs.
3.0%, P = 0.043) (Figures 1C,D).
3.2 Prognostic characteristics of TET2 and
co-mutations in CN-AML

Prognostic analysis of all 206 patients revealed that those
carrying TET2 mutations had signi�cantly shorter OS and RFS
than those with wild-type TET2 (Figures 2A,B). We further
analyzed the factors in�uencing the prognosis of patients with
TET2 mutations. Since all patients with TET2 mutations were
accompanied by concomitant mutations, we �rst considered the
impact of these co-mutations. Given the relatively high mutation
frequencies of NPM1, CEBPA, NRAS, ASXL1, and DNMT3A, we
further evaluated their effects on prognosis. The results indicated
that TET2/NPM1 co-mutations had no signi�cant impact on OS in
patients with TET2 mutations but signi�cantly shortened RFS (OS:
19 vs. 25 months, P = 0.115; RFS: 5 vs. 16 months, P = 0.006)
(Figures 2C,D). In contrast, TET2/CEBPA co-mutations had no
signi�cant impact on either OS or RFS (OS: 41 vs. 15 months, P =
0.173; RFS: 10 vs. 15.5 months, P = 0.572) (Figures 2E,F). We
further analyzed the prognostic impact of TET2 co-mutations with
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NRAS, ASXL1, and DNMT3A separately. The results showed that
patients with TET2mutASXL1mut had signi�cantly shorter OS
compared with the TET2mutASXL1wt group (9 vs. 21 months, P =
0.010), whereas patients with TET2mutDNMT3Amut showed no
difference in OS compared with the TET2mutDNMT3Awt group
(13 vs. 21 months, P = 0.388), and patients with TET2mutNRASmut

also exhibited no signi�cant difference in OS compared with the
TET2mutNRASwt group (13 vs. 21 months, P = 0.670)
(Figures 2G–I).
3.3 Clinical impact of TET2 mutation
number and burden in CN-AML

Patients were strati�ed by mutation multiplicity into single-
mutation (n=30) and double distinct mutation sites(n=9) groups.
Baseline clinical features, including age, white blood cell count,
hemoglobin level, platelet count, bone marrow blast percentage,
Frontiers in Oncology 04
lactate dehydrogenase level, and ELN risk category, did not differ
signi�cantly between groups (P>0.05 for all). Patients with double
distinct TET2 mutations sites(n=9) exhibited inferior relapse-free
survival compared with single-mutation cases (median RFS 13 vs 21
months; P = 0.022), but no signi�cant difference in overall survival
(Figures 3A,B).

Based on the median VAF 43.36% of TET2 mutations, with the
higher VAF used for patients with dual mutations, the 39 patients
with TET2 mutation were further divided into high-VAF (>43.36%,
n = 20) and low-VAF (�43.36%, n = 19) groups. The high-VAF
group exhibited signi�cantly higher white blood cell counts than the
low-VAF group (23.01 vs. 6.10 ×109/L, P = 0.013). No signi�cant
differences were observed between the two groups in other
parameters, including red blood cell count, hemoglobin level,
platelet count, bone marrow blast percentage, LDH, or ELN risk
strati�cation (Supplementary Table S2). Further analysis revealed
that OS and RFS were no difference in the high-VAF group and the
low-VAF group (Figures 3C,D).
FIGURE 1

TET2 mutation types, co-mutation pro�les, and clonal subpopulation proportions in 39 patients. (A) The process of patient recruitment and cohort
assignment in this study. (B) Distribution of TET2 mutational site and clonal status in 39 TET2-mutated patients. (C) Mutation heatmap at TET2
mutation patients (D) and comparison of co-mutation frequencies between TET2-mutated and wild-type groups.
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3.4 Clinical impact of TET2 clonal status in
CN-AML

We classi�ed TET2 mutations into dominant (TET2dom, n =
27) and subclonal (TET2sub, n = 12) categories on the basis of VAF
comparisons with comutated genes. A schematic representation of
typical clonal con�gurations for TET2 dominant clones and TET2
subclones AMLs is shown in Figures 4A, B. A comparison of clinical
characteristics between TET2dom and TET2sub revealed that the
dominant clone group had signi�cantly higher white blood cell
counts than the subclone group (36.63 vs. 10.03, P = 0.026). No
signi�cant differences were observed between the two groups in
other laboratory parameters such as the red blood cell count,
hemoglobin level, platelet count, or bone marrow blast percentage
(Table 2). Comparative VAF analysis demonstrated signi�cantly
higher TET2 VAFs in the TET2dom cohort compared with the
TET2sub cohort (Figure 4C).

Longitudinal NGS was performed in �ve TET2-mutated
patients at diagnosis, remission, and relapse (Figures 4D–H).
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Among the three patients with dominant TET2 mutations, linear
evolution with acquisition of additional mutations at relapse was
observed. Among the two patients with subclonal TET2 mutations,
one showed linear and one showed branched evolution. Because of
the extremely small number of patients (n=5), no conclusions can
be drawn regarding putative differences in evolutionary patterns
between dominant and subclonal TET2 mutations. These
observations are presented solely for illustrative purposes (23–26).

Further survival analysis demonstrated that patients with
dominant TET2 mutations had signi�cantly shorter OS (P =
0.023) and RFS (P = 0.028) than those with subclonal mutations
(Figures 3E,F). Univariate Cox regression analyses identi�ed
variables with P < 0.1, along with known prognostic factors (e.g.,
age > 60 years, ELN risk classi�cation, transplantation, TET2 clonal
status, and ASXL1, CEBPA, FLT3-ITD, NPM1, RUNX1, and TP53
mutations), which were included in a multivariate Cox regression
model. The analysis identi�ed dominant TET2 mutations as an
independent adverse prognostic factor for OS (HR [95% CI] = 2.026
[1.036–3.964], P = 0.039); however, it was not an independent factor
TABLE 1 The clinical characteristic of TET2 mutation in CN-AML.

Characteristics TET2mut N=39 TET2wt N=167 P

Age, n (%) <0.001

<60 16 (41.1) 123 (73.6)

�60 23 (58.9) 44 (26.4)

Sex, n (%) 0.492

male 22 (56.5) 84(49.7)

female 17 (43.5) 83(50.3)

Laboratory data, median (range)

RBC (×1012/L) 2.49 (1.17-4.37) 2.37 (0.92-4.94) 0.919

Hb (g/L) 77 (46-136) 80 (24-157.2) 0.457

WBC (×109/L) 11.8 (0.89-207.48) 11.23 (0.42-283.79) 0.902

PLT (×109/L) 29 (5-498) 43 (-4-317) 0.344

BM blast (%) 55 (20-93) 57 (20-97) 0.349

LDH (U/mL) 370 (95-2544) 396 (140-3935) 0.992

2022 ELN risk classi�cation, n (%) 0.600

Favorable 3 (7.7) 19 (11.4)

Intermediate 28 (71.8) 123 (73.7)

Adverse 8 (20.5) 25 (14.9)

Outcome

CR1, n (%) 26 (66.7) 131 (84.0) 0.104

RP1, n (%) 17 (65.4) 46 (35.1) 0.004

OS, median (range) 24 (2-47) 40 (1-60) 0.017

RFS, median (range) 14 (6-35) 17 (1-56) 0.036
RBC, Red blood cell, WBC, white blood cell, PLT, platelet, LDH, Lactate dehydrogenase, HBDH, -Hydroxybutyrate Dehydrogenase, ELN, European Leukemia Network, CR1, First Complete
Remission, RP1,First Recurrence, OS, Overall Survival, RFS:Relapse-Free Survival. Bold values indicate p-values with statistical signi�cance (P < 0.05).
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for RFS (HR [95% CI] = 1.120 [0.409–3.066], P = 0.825)
(Supplementary Tables S3, Supplementary Tables S4);
Figures 3G,H).
3.5 Nomogram model and external
validation

Based on the results of univariate and multivariate Cox
regression analyses, we constructed a nomogram model to predict
survival probabilities in patients with AML. The model integrates
age, ELN risk strati�cation, allo-HSCT, NPM1 mutation, and TET2
clonal status. Internal validation was performed using random
sampling (Figure 5A). A nomogram based on the Cox
proportional hazards model was developed to facilitate
individualized prediction of 5-year OS in patients with AML. The
model demonstrated a concordance index (C-index) of 0.735 (95%
Frontiers in Oncology 06
CI: 0.666–0.804), indicating good predictive accuracy. Calibration
curves a high degree of agreement between the predicted and actual
survival probabilities, con�rming the model’s reliability (Figure 5B).
This nomogram serves as a convenient and practical tool for
personalized prognosis assessment in clinical settings.

To validate the �ndings, we utilized data from the Beat AML
public database to independently assess the impact of TET2
mutations on OS in patients with CN-AML. The validation
analysis con�rmed that patients with TET2 mutations had
signi�cantly shorter OS than those with wild-type TET2
(Figure 5C). Subgroup analysis based on clonal status further
demonstrated that patients with dominant TET2 mutations had
signi�cantly shorter OS than those with subclonal mutations,
consistent with the initial �ndings (Figure 5D). These
independent validation results further support the conclusion that
dominant TET2 mutations are an adverse prognostic marker in
AML and strengthen the external validity of our study.
FIGURE 2

Prognostic impact of TET2 mutations and co-mutations in CN-AML. (A, B) Kaplan–Meier curves for overall survival (OS) and relapse-free survival (RFS) in
TET2-mutated (n=39) versus TET2 wild-type (n=167) patients. TET2 mutations were associated with inferior OS and RFS. (C–I) Kaplan–Meier curves for
OS and/or RFS in TET2-mutated patients strati�ed by co-mutational status: NPM1 (C, D), CEBPA (E, F), DNMT3A (G), ASXL1 (H), and NRAS (I).
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4 Discussion
In this study, we performed a comprehensive analysis of 206

patients with cytogenetically normal acute myeloid leukemia to
investigate the clonal characteristics of TET2 mutations and their
prognostic impact, with a particular focus on the clinical outcomes
associated with dominant versus subclonal TET2 mutations. Our
�ndings not only reaf�rm the signi�cant association between TET2
mutations and patient prognosis but also highlight the role of
dominant TET2 mutations as an independent adverse prognostic
factor. These results provide novel insights into the molecular
prognostic assessment of AML.
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The detection frequency of TET2 mutations in our cohort was
18.9%, which is consistent with previously reported mutation rates
in AML ranging from 10–25% (13, 27, 28). Most TET2 mutations
were located between exons 3 and 11, with missense and frameshift
mutations being predominant, aligning with prior studies (29).
Patients with TET2 mutations were signi�cantly older than those
without, corroborating earlier �ndings that TET2 mutations are
more common in elderly AML patients (20, 30). The higher
prevalence of TET2 mutations in older individuals may re�ect
that hematopoietic stem cell aging, chromosomal instability and
reduced DNA repair ef�ciency accumulate with age (9, 10). Loss of
TET2 function has been shown to lead to age-related clonal
FIGURE 3

Impact of TET2 mutation multiplicitym, different VAF and mutational status on prognosis in CN-AML. (A, B) Kaplan–Meier curves for OS and RFS in
patients with single TET2 mutation (n=30) versus double distinct TET2 mutation sites(n=9). Double mutation sites group were associated with
inferior RFS but not OS. (C, D) Kaplan–Meier curves for OS and RFS strati�ed by TET2 VAF (>43.36%, n=20; �43.36%, n=19). No signi�cant
differences were observed. (E, F) Kaplan–Meier curves for OS and RFS in patients with dominant (n=27) versus subclonal (n=11) TET2 mutations.
Dominant mutations were associated with inferior OS and RFS. (G, H) Multivariate Cox regression forest plots for OS (G) and RFS (H), adjusted for
age >60 years, ELN risk, allo-HSCT, and mutations in NPM1, ASXL1, CEBPA, FLT3-ITD, RUNX1, and TP53. Dominant TET2 mutations predicted inferior
OS but not RFS.
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