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ABSTRACT

Acute myeloid leukemia (AML) is a heterogeneous disease driven by recurring somatic muta-
tions, frequently affecting genes involved in epigenetic regulation. Mutations in IDH1, IDH2,
and TET2 are largely mutually exclusive and thought to converge on a shared pathway by im-
pairing TET-mediated DNA demethylation, either directly through loss of TET2 activity or indi-
rectly through the accumulation of the oncometabolite (R)-2-hydroxyglutarate (2-HG) in IDH1-
and IDH2-mutant AML. Whether this biochemical convergence translates into similar disease
biology remains unclear. Here, we analyzed AML defined by mutations in IDH1, IDH2, or TET2
using population-based data from the Swedish AML Registry, complemented by tran-
scriptomic and 5-hydroxymethylcytosine (5hmC) profiling of purified blasts from a highly se-
lected subset of primary AML samples. TET2-mutant AML occurred at an older age and was
associated with a more pronounced thrombocytopenia, whereas IDH1- and IDH2-mutant AML
showed deeper neutropenia and more favorable overall survival, including after adjustment
for clinical covariates. Transcriptomic and 5hmC alterations showed only modest concord-
ance, with 5hmC profiles providing clearer separation of the mutational subgroups. TET2-mu-
tant samples showed significant enrichment of the oxidative phosphorylation pathway com-
pared with IDH1- and IDH2-mutant AML. The mutational groups also showed distinct closest
normal counterparts among healthy hematopoietic cell populations. Together, these findings
demonstrate that IDH1, IDH2, and TET2 mutations define clinically and molecularly distinct

subgroups of AML, highlighting the relevance of mutation-specific clinical stratification.



INTRODUCTION

Acute myeloid leukemia (AML) is a genetically and epigenetically heterogeneous hematologic
malignancy arising through clonal expansion and a stepwise acquisition of somatic mutations,
with early mutations frequently affecting genes involved in epigenetic regulation.3 Fre-
qguently recurring aberrations include heterozygous mutations in isocitrate dehydrogenase 1
(IDH1), isocitrate dehydrogenase 2 (IDH2), and loss-of-function mutations in the epigenetic
regulator TET methylcytosine dioxygenase 2 (TET2).* These mutations are largely mutually ex-
clusive, and are thought to converge on the same epigenetic regulatory pathway.>”’” Mutant
IDH1 and IDH2 enzymes acquire the neomorphic function to convert a-ketoglutarate (a-KG)
into the oncometabolite (R)-2-hydroxyglutarate (2-HG), which can inhibit a-KG—dependent di-
oxygenases including the TET family of 5-methylcytosine (5mC) hydroxylases. This leads to
reduced active DNA demethylation and the resulting hypermethylation, generally believed to
occur in IDH1-, IDH2-, and TET2-mutant AML.% ° More recent data, however, indicate that 2-
HG can also inhibit the KDM5 family of histone lysine demethylases, thereby altering histone
methylation and promoting accumulation of active histone marks such as H3K4me3 and
H3K4me2, promoting oncogenic transcription and cellular transformation in IDH1- and /IDH2-
mutant AML.1° Despite this apparent mechanistic convergence, biological and clinical differ-
ences have been described between IDH1- and IDH2-mutant AML, as well as between IDH1-,
IDH2-, and TET2-mutant AML, although the mechanisms underlying these differences remain
incompletely understood.' 2 Neither IDH1, IDH2, nor TET2 is included as an independent
risk-defining factor in the ELN 2022 risk classification, although TET2 mutations have been as-
sociated with shorter overall survival.*> While IDH1 and IDH2 mutations have historically not
been associated with outcome, the introduction of targeted therapies has substantially im-
proved outcomes in these subgroups.'* Combining azacitidine with ivosidenib for IDH1-mu-
tant AML and venetoclax for IDH2-mutant AML significantly increases the overall survival of
these subgroups, reflected in the ELN 2024 risk classification for less intensively treated

AML.157

Here, we compare AML defined by mutations in IDH1, IDH2, or TET2 using population-based
data from the Swedish AML Registry and integrate these findings with transcriptomic and 5-

hydroxymethylcytosine (5hmC) profiling of genetically matched primary AML samples. We



further examine whether molecular differences between these mutational subgroups are as-
sociated with distinct developmental states by comparison with normal hematopoietic refer-
ence populations. Despite the assumed convergence on disrupted TET function, IDH1-, IDH2-
, and TET2-mutant AML show clear differences in clinical characteristics and outcome, 5hmC
levels, and, to some degree, transcriptomic programs. These findings indicate that shared per-
turbation of DNA demethylation does not translate into uniform disease biology across these

mutational subgroups.

METHODS

Patient samples and registry data

Primary AML bone marrow and peripheral blood samples were collected after written in-
formed consent according to Stanford University guidelines [Stanford University Institutional
Review Board (IRB) No. 6453]. Mononuclear cells were isolated by Ficoll separation and viably
frozen. For the transcriptomic and epigenetic analyses, samples were matched for additional
genetic aberrations beyond the group-defining alteration in IDH1, IDH2, or TET2. The "Other"
group was defined as wild-type for IDH1, IDH2, and TET2 but matched for other mutations.
Patient data were obtained from the population-based Swedish AML Registry and included
individuals diagnosed with AML between 2007 and 2024. Comprehensive mutational data
have been systematically recorded in the registry since 2020. Additional mutational data for
approximately 800 patients diagnosed between 2013 and 2018 were retrieved from the Swe-
dish National Acute Leukemia Biobank.'® ° Analyses were approved by the Swedish Ethical

Review Authority (Dnr 2023-07681-02).

RNA sequencing

Samples were shipped to the Novogene commercial sequencing facility where mRNA was en-
riched using poly-T oligo-attached magnetic beads and first-strand cDNA was synthesized us-
ing random hexamer primers. Second-strand synthesis, end repair, A-tailing, and adapter liga-
tion were then performed, followed by size selection, amplification, and purification. After
Bioanalyzer quality control, lllumina-based massively parallel sequencing was performed. The
mean RNA integrity number (RIN) was 7.3 (range 5.3-9.2), and sequencing resulted in >92% of

bases with Phred scores 230, indicating excellent base-calling quality. Adapter trimming and



quality filtering were performed using TrimGalore within the nf-core/rnaseq Nextflow pipe-
line. Reads were aligned to the GRCh38.p13 human reference genome using STAR in two-pass
mode, and transcript quantification was performed using Salmon. Downstream analyses of
gene counts were restricted to protein-coding genes filtered using Bioconductor/org.Hs.eg.db

(v.3.21.0). Differential expression analyses were performed using DESeq2 (v1.49.4).2°

5hmC sequencing

To study epigenetic differences, FACS-isolated AML blasts were analyzed using click chemistry
enrichment for 5-hydroxymethylcytosine (5hmC)-containing DNA fragments coupled with se-
quencing as previously described.?! Sequencing libraries were aligned to GRCh38 and dedu-
plicated. Fragments were collapsed into gene-body counts based on fragment overlap and
counts per gene were obtained. Low 5hmC counts were filtered using edgeR (v4.7.5).?? Genes
were retained if they had counts per million (CPM) >1 in at least 15% of samples, with a mini-
mum of two samples. The counts were normalized using trimmed mean of M-values (TMM)
normalization. LogCPM values were computed using the edgeR::cpm(log = TRUE, prior.count

=1).

Additional methods are provided in the Supplementary Appendix.

RESULTS

Population-level differences in clinical characteristics and outcome between IDH1-, IDH2-,
and TET2-mutant AML

Out of the patients included in the Swedish AML Registry during 2007-2024, 2,515 had mo-
lecular genetic information available. Of these, 2,471 were classified into four mutually exclu-
sive mutational subgroups: IDH1 mutation (n=204, 8.1%), IDH2 mutation (n=392, 15.6%), TET2
mutation (n=548, 21.8%), and Other, comprising samples lacking these mutations (n=1,327,
52.8%). Acute promyelocytic leukemia was excluded from downstream analyses. An addi-
tional 44 patients (1.7%) harbored mutations in more than one of these genes and were cat-
egorized separately and excluded from downstream analyses (Supplementary Figure 1A). Clin-
ical characteristics are summarized in Table 1. TET2-mutant AML patients were significantly
older, with a median age of 73 years, compared with 71 years for IDH2, 68 years for IDH1, and

67 years for Other AML (Supplementary Figure 1B). There were no significant age differences



between IDH1-and IDH2-mutant patients. Notable differences in baseline clinical characteris-
tics included lower platelet counts in TET2-mutant AML (median 57x10°/L) compared with
IDH1 (93x10°/L), IDH2 (93x10°/L), and Other (64x10°/L), and a more pronounced neutropenia
in IDH1 (0.3x10%/L) and IDH2 (0.7x10°/L) compared with TET2 (2.4x10°/L) and Other AML

(1.1x10°%/L, Supplementary Figure 1C).

When comparing overall survival between the mutational groups, Kaplan-Meier analysis indi-
cated significant differences between the groups with the longest median overall survival ob-
served for IDHI-mutant patients (2.5 years), followed by IDH2 (1.9 years), compared with TET2
(0.8 years; log-rank p<0.0001, Figure 1A). A multivariable Cox proportional hazards model ad-
justed for mutation group, age, sex, treatment intensity (low-intensity/HMA-based or inten-
sive chemotherapy), and allogeneic stem cell transplantation (SCT) modeled as a time-de-
pendent covariate, confirmed that both IDH1- and IDH2-mutant AML were associated with
lower hazards of death (HR=0.73 and 0.68, respectively) compared with Other AML, as was
intensive chemotherapy (HR=0.65) compared with low-intensity/HMA-based therapy (Figure
1B). Older age was associated with inferior overall survival (HR=1.20 per 5 years). With similar
survival seen in the IDH1- and IDH2-mutant AML groups, we next combined them into an
IDH1/IDH2 group (n=594) and compared survival with TET2-mutant AML (n=546). TET2-mu-
tant AML showed a worse outcome with a median overall survival of 0.8 years compared to
2.0 years for IDH1/IDH2-mutant AML (Supplementary Figure 1D). TET2 mutation remained
associated with worse prognosis after adjusting for age, treatment intensity, sex, and stem

cell transplantation in a multivariable Cox regression model (Supplementary Figure 1E).

We next explored the effect of adding venetoclax to low-intensity/HMA-based therapies in
IDH1- and IDH2-mutant AML. Addition of venetoclax was associated with a significant increase
in overall survival for IDH2-mutant AML (median OS 1.78 versus 0.87 years, HR=0.42, 95% Cl
0.23-0.78, p=0.005), with a similar, non-significant trend observed in IDHI-mutant AML (me-
dian OS 1.91 versus 0.43 years, HR=0.44, 95% Cl 0.18-1.08, p=0.072, Supplementary Figure
2A-B). In intensively treated patients, NPM1 co-mutations were associated with longer overall
survival in IDH2-mutant AML (median OS not reached versus 2.25 years, HR=0.30, 95% Cl 0.13-
0.67, p=0.003), TET2-mutant AML (median OS not reached versus 0.82 years, HR=0.40, 95% Cl
0.24-0.66, p<0.001), and Other AML (median OS not reached versus 2.72 years, HR=0.50, 95%



Cl10.33-0.75, p<0.001). A similar non-significant trend was observed in IDHI-mutant AML with
a co-occurring NPM1 mutation (median OS not reached versus 2.47 years, HR=0.38, 95% Cl
0.14-1.08, p=0.07, Supplementary Figure 2C-F).

Because TET2 allelic state and mutational burden have been implicated in disease biology and
outcome, we compared survival in patients with <45% TET2 VAF and >55% VAF, with high VAF
suggestive of biallelic TET2 inactivation.?® No significant difference in overall survival was ob-
served between the groups, although allelic state cannot be definitively established from VAF

alone (Supplementary Figure 2G-H).

Co-mutational patterns differ between IDH1-, IDH2-, and TET2-mutant AML

To characterize the molecular profiles of each mutational group, we compared co-occurring
genetic alterations (Figure 1C). DNMT3A was the most common mutation, occurring in 44.6%
of IDH1- and 39.5% of IDH2-mutant AML, with lower frequencies in TET2-mutant (26.8%) and
Other AML (20.7%, Bonferroni-adjusted pairwise p<0.001 for IDH1 and IDH2 versus TET2 and
Other). Mutations in NPM1 were most prevalent in IDH1- (38.2%) and TET2-mutant (34.1%),
with significantly lower prevalence in IDH2-mutant AML (26%; adjusted pairwise p=0.012 com-
pared to IDH1). SRSF2 mutations were most frequent in IDH2 (34.2%) and were also frequently
observed in both IDH1 (19.1%) and TET2 (26.6%) compared with Other AML (8.5%; adjusted
pairwise p<0.001 for all three comparisons). Mutations in TP53 were underrepresented in the
IDH1-,IDH2-, and TET2-mutant compared with Other AML (adjusted pairwise p<0.001). Addi-
tional smaller (<10% absolute differences) yet significant differences were seen for ASXL1 and
NRAS, while RUNX1, FLT3-ITD, and FLT3-TKD showed no significant differences in prevalence
between groups. Interestingly, no individual cytogenetic aberration differed significantly be-
tween the IDH1-, IDH2-, and TET2-mutant groups (Figure 1D). Instead, all three groups were
more frequently associated with a normal karyotype compared with Other AML (62.8%,
61.8%, and 53.0% compared to 35.7%, respectively; adjusted pairwise p<0.001). The Other
group showed higher frequencies of 5q/-5, 7q/-7, and 17p/-17 associated with adverse risk,

as well as more favorable alterations inv(16) and t(8;21).

Transcriptomic differences between epigenetic subgroups of AML



To compare gene expression across IDH1-, IDH2-, TET2-mutant AML, and Other AML, we se-
lected 12 primary AML samples closely matched for additional genetic aberrations and FACS-
isolated AML blasts for mRNA sequencing (Table 2, Supplementary Figure 3A). Post-sort anal-
yses confirmed purity 299% for all samples (Supplementary Figure 3B). PCA based on variance-
stabilized RNA-seq expression across all measured protein-coding genes was used to assess
global transcriptional variation and the separation of the predefined mutation groups (Figure
2A). Given the limited sample size and inter-patient variability, group separation and within-
group heterogeneity were assessed using Euclidean distances and silhouette scores in the
PC1-PC2 space. IDH2-mutant AML samples showed the most distinct group structure (mean
silhouette score =0.551), whereas IDH1, TET2, and particularly Other samples showed greater
within-group heterogeneity (mean silhouette scores = -0.108, -0.082, and -0.602, respec-
tively). Consistent with the heterogeneity of the Other AML group, exclusion of these samples
increased the overall silhouette score from —0.060 to 0.190, while the mean silhouette scores
were —0.075 for IDH1, 0.551 for IDH2, and 0.093 for TET2. Notably, all three IDH1-mutant
samples had IDH2 as their nearest alternative group, while all three IDH2-mutant samples had
IDH1 as their nearest alternative group. Thus, despite greater heterogeneity within IDH1, the
IDH1- and IDH2-mutant samples were consistently more similar to each other than to TET2-

mutant AML in the PC1-PC2 space.

To explore shared expression patterns, IDH1, IDH2, and TET2 were combined and compared
with Other, resulting in 11 significantly differentially expressed genes (Supplementary Figure
4A). These included relative upregulation of HOXB8 and HOXB9, although expression levels
varied considerably between samples (Supplementary Figure 4B). We next compared
IDH1/IDH2-mutant with TET2-mutant AML, identifying 434 upregulated and 762 downregu-
lated genes in the IDH1/IDH2-mutant group (Figure 2B-C). GSEA identified multiple Hallmark
pathways enriched in the TET2-mutant samples relative to IDH1/IDH2-mutant samples, includ-
ing pathways related to inflammatory signaling, metabolism, and oxidative phosphorylation,
while no pathways were significantly enriched in IDH1/IDH2-mutant samples (Figure 2D).
Comparison of IDH1/IDH2-mutant with Other AML identified 97 differentially expressed
genes, while comparison of TET2-mutant AML with Other AML identified 17 differentially ex-
pressed genes. The relatively small number of differences may in part reflect the high varia-

bility within the Other group, reducing the robustness of these comparisons (Supplementary



Figure 4C-D). Overall, transcriptomic heterogeneity was pronounced across samples, but path-
way-level differences were observed between IDH1/IDH2- and TET2-mutant AML, with en-

richment of inflammatory and metabolic transcriptional programs in TET2-mutant AML.

Distinct 5-hydroxymethylcytosine patterns in IDH1-, IDH2-, and TET2-mutant AML

To complement the transcriptional data, we subjected AML blasts to 5hmC pull-down se-
guencing. PCA of gene-body 5hmC levels was used to visualize the separation of the prede-
fined mutation groups (Figure 3A). Similar to the RNA-seq data, PCA-based silhouette analysis
showed the most distinct group structure for IDH2-mutant samples (mean silhouette score =
0.759), whereas the IDH1, TET2, and Other AML groups showed greater within-group hetero-
geneity (-0.116, -0.100, and -0.281, respectively). After exclusion of the heterogeneous Other
AML samples, the overall silhouette score increased from 0.066 to 0.306, with mean silhou-
ette scores of -0.063 for IDH1, 0.759 for IDH2, and 0.221 for TET2. All three IDH1-mutant
samples had IDH2 as their nearest alternative group and all three IDH2-mutant samples had
IDH1 as their nearest alternative group, indicating that the IDH1- and IDH2-mutant AML sam-
ples were consistently more similar to each other than to TET2-mutant AML in the PC1-PC2
space. Overall, global gene-body 5hmC levels were reduced in IDH1, IDH2, and TET2 compared
with Other AML (Figure 3B). Using a multi-group ANOVA, subgroup-specific 5hmC patterns
emerged, with IDH1- and IDH2-mutant samples showing similar patterns (Figure 3C). We
therefore combined IDH1 and IDH2 and compared them with TET2-mutant samples, identify-
ing 708 genes with higher and 409 genes with lower 5hmC gene-body levels (Figure 3D). GSEA
identified 12 significantly enriched Hallmark pathways, with apoptosis and TNF-a signaling via
NF-kB enriched in IDH1/IDH2-mutant samples and oxidative phosphorylation enriched in the
TET2-mutant samples (Figure 3E). Compared with Other AML, IDH1/IDH2 showed 237 genes
with higher and 98 genes with lower gene-body 5hmC levels (Supplementary Figure 5A). Com-
parison of TET2-mutant AML with Other AML identified only one significantly different gene-

body 5hmC level (Supplementary Figure 5B).

Finally, integration of transcriptomic and 5hmC data revealed a modest correlation between
the two data modalities (Spearman p=0.27, p<0.001, Supplementary Figure 5C). A total of 150
genes displayed concordant differential regulation across RNA and 5hmC, 81 genes with up-

regulation in IDH1/IDH2-mutant AML and 69 genes upregulated in TET2-mutant AML (Figure
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4A). However, the majority (1604 genes) instead showed significantly different levels in only
the RNA or 5hmC modality, indicating substantial uncoupling between 5-hydroxymethylation
and transcription. To explore pathway-level differences between the groups across both mo-
dalities, RNA and 5hmC log2 fold changes were independently standardized to z-scores and
combined into an integrated score used for preranked GSEA. This identified 11 significantly
enriched Hallmark pathways. Eight pathways were enriched in TET2-mutant cases, including
oxidative phosphorylation, coagulation, and complement, whereas three gene sets were en-
riched in the IDH1/IDH2-mutant group (Figure 4B). We next evaluated these pathways in pub-
licly available TCGA AML transcriptomic data.?* All 11 gene sets were significantly enriched in
TET2-mutant AML compared with IDH1/IDH2-mutant AML (FDR<0.05), including oxidative
phosphorylation, coagulation, and complement (Figure 4C), as well as the three pathways en-
riched in the IDH1/IDH2-mutant group in the integrated analysis. This discordance suggests
that 5hmC does not directly predict transcriptional output but may capture additional infor-

mation on molecular differences between the mutational subgroups.

Molecular resemblance to normal hematopoietic populations

To determine whether the observed molecular differences could reflect differences in the de-
velopmental state of the AML blasts, we next compared the AML samples with healthy hem-
atopoietic populations. Publicly available single-cell RNA-seq data from healthy bone marrow
were aggregated into donor-level pseudobulk profiles to construct a reference landscape of
normal myeloid differentiation.? Projection of the AML samples onto this reference revealed
a highly consistent pattern among the IDH-mutant samples: all IDH1- and IDH2-mutant AML
samples were most similar to neutrophil-committed granulocyte-monocyte progenitor cell
populations (GMP-Neut; Spearman p=0.547-0.636). In contrast, TET2-mutant AML displayed
greater heterogeneity, with individual samples showing greatest similarity to GMP-Neut,
promonocyte, or monocyte populations (p=0.560, 0.734, and 0.660, respectively; Figure 4D,
Supplementary Figure 5D). This pattern was supported using independent bulk RNA-seq data
from normal hematopoietic populations where, again, IDH1- and IDH2-mutant samples were
most strongly correlated with GMPs (p=0.433—-0.509), whereas two of the three TET2-mutant
samples were most similar to monocytes (p=0.634 and 0.735), and the remaining sample to

GMPs (p=0.519; Supplementary Figure 5E—F).2
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A corresponding analysis of normal hematopoietic 5hmC profiles showed that IDH1- and IDH2-
mutant AML were most similar to immature progenitor populations, spanning GMP, lym-
phoid-primed multipotent progenitors (LMPP), and common myeloid progenitors (CMP), with
spearman p=0.803-0.832. In contrast, two of the three TET2-mutant samples were most sim-
ilar to monocytes (p=0.792 and 0.851), while the third was most similar to GMP (p=0.835;
Figure 4E, Supplementary Figure 5G).?! Together, these analyses suggest that the transcrip-
tional and epigenetic differences between IDH1/IDH2-mutant and TET2-mutant AML are as-
sociated, at least in part, with differences in their resemblance to normal stages of myeloid

differentiation.

DISCUSSION

The genetic landscape of AML has been extensively characterized, revealing that early muta-
tions frequently occur in genes involved in epigenetic regulation.” * Among these recurrent
aberrations, mutations in IDH1, IDH2, and TET2 are thought to converge on impaired TET-
mediated DNA demethylation either via direct loss of TET2 function or indirectly via accumu-
lation of the oncometabolite 2-HG.® & Despite this shared biochemical effect, AML defined by
these mutations has been shown to be biologically and clinically heterogeneous.® 112 Here,
we combined nationwide registry data with transcriptomic and epigenetic profiling of primary
samples to demonstrate that AML with IDH1, IDH2, and TET2 mutations comprises clinically

and molecularly distinct disease subgroups.

Overall survival remains poor in AML and one of the strongest predictors for outcome is age
at diagnosis.?” 28 The ELN 2022 risk classification used for younger patients intended for inten-
sive chemotherapy has recently been complemented with the ELN 2024 response prediction
model for patients receiving less-intensive therapy.l”- 2° Mutations in IDH1 stratify AML pa-
tients into a favorable risk category only in the context of combining hypomethylating agents
with the IDH1 inhibitor ivosidenib in patients lacking a TP53 mutation.'® 30 JDH2 mutations
have also been shown to confer a better prognosis.3! Our population-based analyses revealed
significant differences in overall survival between mutational subgroups, with both IDH1- and
IDH2-mutant AML exhibiting more favorable outcomes than TET2-mutant and Other AML,
even after adjustment for clinical covariates, including age, treatment intensity, sex, and stem

cell transplantation. This is of particular interest because the observed survival differences are
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unlikely to be explained by routine use of IDH inhibitors, as ivosidenib and enasidenib had not

yet been implemented in clinical practice in Sweden as of early 2026.

IDH1, IDH2, and TET2 mutations have been described as preleukemic events and are present
in clonal hematopoiesis as well as myelodysplastic syndrome.323> These are early events and
most often mutually exclusive.® 7 In our data, we observed different co-mutational patterns
between these groups, suggesting potentially distinct evolutionary trajectories. IDH1- and
IDH2-mutant AML frequently co-occurred with DNMT3A mutations, while IDH1 was more
commonly associated with NPM1 mutations compared with IDH2-mutant AML. This is of par-
ticular interest considering recent findings from the HARMONY study, which demonstrated
that the prognostic impact of IDH1 mutations varies depending on their co-mutational con-
text.2® SRSF2 mutations were frequently observed in all three groups but significantly enriched
in IDH2-mutant AML, in line with previous reports linking IDH2 and spliceosome-associated
aberrations.3” TP53 mutations were rare in all three groups compared with Other AML. An-
other interesting distinction was the higher neutrophil counts seen in TET2-mutant AML com-
pared to all other samples. This could potentially reflect a direct effect of reduced TET2 activ-
ity, which has been shown to increase production of dysfunctional neutrophils in xenograft

models of TET2-mutant clonal hematopoiesis.3®

Transcriptome-based classification of AML has proven less effective compared to diseases
such as acute lymphoblastic leukemia (ALL), where gene expression profiling can delineate
subtypes with high precision.?® In AML, the most distinct transcriptomic signatures are typi-
cally associated with specific chromosomal translocations.?* 4% 41 To increase the fidelity of
our transcriptomic analyses, we matched primary AML samples for additional mutational pat-
terns to the extent possible, selecting samples with normal karyotypes, NPM1 mutations, and
when possible, a signaling mutation. Despite selecting cases from the Stanford AML biobank
containing more than 1000 AML samples, our transcriptomic analyses showed high variability
within groups and, with our limited sample size, this precluded robust analyses of subgroup-
specific expression patterns. The Other AML samples contributed substantially to the limited
separation between groups, while inter-patient heterogeneity remained evident within the
genetically defined IDH1-, IDH2-, and TET2-mutant AML subgroups. This underscores a key

limitation of our study: the small number of genetically highly matched primary AML samples
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available for integrative analyses. Instead, we focused on shared features of IDH1- and IDH2-
mutant AML compared with TET2-mutant AML and identified TET2-specific enrichment of
gene sets related to oxidative phosphorylation and inflammatory signaling. Both oxidative
phosphorylation and inflammatory response gene sets were enriched in TET2-mutant AML
samples in the independent TCGA AML transcriptomic cohort. Although no functional data are
provided in this paper, the findings are consistent with previous reports of increased mito-
chondrial oxidative metabolism in TET2-deficient hematopoietic cells as well as altered mito-
chondrial metabolism in IDH1- and IDH2-mutant AML and preleukemic cells.” 114244 Targeting
oxidative phosphorylation in AML has been suggested and explored in clinical trials but early
results from the phase | trial of the complex | inhibitor IACS-010759 showed elevated lactate
levels and dose-limiting toxicities including neurotoxicity.* The potential use of inhibitors of
oxidative phosphorylation would most likely require better-tolerated compounds as well as
better patient stratification to predict responders. Our analyses raise the possibility that oxi-
dative phosphorylation may represent a relevant metabolic vulnerability in TET2-mutant AML,
although pathway enrichment alone cannot establish sensitivity to oxidative phosphorylation
inhibition. Conversely, IDH1/IDH2-mutant AML may retain dependencies on mitochondrial ox-
idative metabolism that are not reflected by higher transcriptional pathway enrichment.
These hypotheses require functional validation. Our findings of increased inflammatory sig-
naling pathways in TET2-mutant AML are consistent with previous mechanistic studies linking
TET2 loss to enhanced IL-1B and IL-6 signaling, suggesting that inflammatory pathways may
represent a therapeutic vulnerability.*® 4’ In line with these findings, the CANTOS trial showed
that individuals with TET2-mutant clonal hematopoiesis had a reduced risk of cardiovascular

events during IL-1B blockade with canakinumab.*®

Compared with transcriptomic profiling, the 5hmC data revealed a clearer overall subgroup
structure among IDH1-, IDH2-, and TET2-mutant AML samples, as supported by higher silhou-
ette scores, although substantial within-group heterogeneity was observed. Integrated analy-
sis of RNA expression and 5hmC data showed only partial concordance, suggesting that al-
tered 5hmC alone is insufficient to universally drive transcriptional change. This decoupling,
previously reported but not fully understood, may reflect the context-dependent role of 5hmC

and the contribution of additional regulatory mechanisms, including chromatin accessibility
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and transcription factor activity, highlighting the need for further investigation into the mech-
anisms linking epigenetic modification and gene expression.? %’ The discordance further sug-
gests that 5hmC may capture information on molecular differences between the mutational

subgroups not reflected in transcriptional data alone.

Mapping to normal bone marrow reference populations revealed distinct closest normal
counterparts across the mutational groups. IDH1/IDH2-mutant AML showed greatest similar-
ity to GMP-like or other immature progenitor populations, whereas TET2-mutant AML more
frequently resembled more mature monocytic populations in both the RNA and 5hmC anal-
yses. These findings suggest that part of the molecular distinction between the groups may

reflect differences in developmental state.
Together, our findings demonstrate that AML with mutations in IDH1, IDH2, or TET2 repre-

sents biologically distinct subgroups with distinct clinical trajectories and epigenetic profiles,

underscoring the need for mutation-informed disease stratification.
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TABLES

Table 1. Clinical characteristics of AML according to mutational group

Mutation group

IDH1

IDH2

TET2

Other

Variable! -value?
ariable N=204 N=392 N=548 N=1,327 PVAYe
68.0 71.0 73.0 67.0
Age (years) (59.5,74.0) (62.5,76.0) (67.0,78.0) (53.0,75.0) ~0-001
Sex n.s.
Male 97 (47.5%) 222 (56.6%) 317 (57.8%) 740 (55.8%)
Treatment intensity, n (%)3
Intensive chemo 152 (74.5%) 265 (67.9%) 290 (53.1%) 874 (66.1%) <0.001
Low intensity/HMA 42 (20.6%) 93 (23.8%) 181 (33.2%) 323 (24.4%) <0.001
Palliative care 10 (4.9%)  32(82%)  75(13.7%) 126 (9.5%)  0.003
. 93 95 92 90
Hemoglobin (g/L) (80,105)  (81,108) (80, 107) (77,103) 0001
White blood cell count 3.1 4.9 19.2 7.2 <0.001
(x10°/L) (1.4,27.7)  (1.9,36.6) (4.2,64.1)  (2.5,32.6) '
0.7 0.7 3.0 1.1
9
Blood blast count (x10°/L) 15 1) (00,187)  (03,24.6) (0.1, 104) <0001
Lactate dehydrogenase 5.2 4.5 6.7 6.3 <0.001
(ukat/L) (3.4,82)  (3.3,88)  (43,11.7)  (4.0,11.0) '
59 51.5 45 43
0,
Bone marrow blasts (%) (35, 76) (30, 75) (26, 71) (26, 65) <0.001
. 34 34 35 34
Albumin (g/L) (29, 38) (30, 38) (30, 38) (29, 38) n-s.
0.3 0.7 2.4 1.1
; 9
Neutrophil count (x10°/L) 1"y (0223)  (07,8.0) (0.4,34) 0001
93 93 57 64
9
Platelet count (x10°/L) (52, 168) (44, 167) (30, 104) (31, 116) <0.001

! Median (Q1, Q3)

2 Kruskal-Wallis rank sum test for continuous variables; Pearson's chi-squared test for categorical
variables. Treatment intensity row-specific p-values were Bonferroni-adjusted.

3 Intent at diagnosis.
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Table 2. AML samples analyzed by RNA and 5hmC enrichment sequencing

Sample Sex | Age | Tissue Cytogenet- | Mutation VAF
ics (%)
A1 IDH1 |M |59 |Leukaphere- |46,XY[14] IDH1-R132H 45.57
sis NPM1- 48.95
L287ins(TCTG)
FLT3-ITD 41.18
A2 IDH1 |M |48 | Leukaphere- | 46,XY[20] IDH1-R132H 39.84
sis NPM1- 28.15
L287ins(TCTG)
KIT-D816V 37.82
TP53-R175H 7.61
A3 IDH1 |F |54 |PB 46,XX[20] IDH1-R132C 50.62
NPM1- 32.33
L287ins(TCTG)
FLT3-ITD NA
FLT3-V592D 10.33
B1IDH2 |[M [70 [BM No analyza- | IDH2-R140Q 46.43
ble meta- NPM1- 51.14
phases L287ins(TCTG)
FLT3-1836del(GAT) | 37.24
B2 IDH2 |M [69 [BM 46,XY[21] IDH2-R140Q 47.66
NPM1- 34.75
L287ins(TCTG)
GATA2-K378ins(T) | 51.53
B3 IDH2 |[F |71 [PB 46,XX[13] IDH2-R140Q 44.29
NPM1- 27.85
L287ins(TCTG)
FLT3-V592D 31.34
C1 TET2 |F |81 |PB No analyza- | TET2-E100del(C) 41
ble meta- NPM1- 31.27
phases W288ins(GCAA)
C2_ TET2 |[M |82 |BM 46,XY[20] | TET2-501* 45.07
NPM1- 43.7
L287ins(TCTG)
C3 TET2 |F |66 |PB 46,XX[21] | TET2-H1868Y 46.91
NPM1- 35.48
L287ins(TCTG)
FLT3-ITD NA
D1_Other |F [54 [BM 46,XX NPM1- 52.14
L287ins(TCTG)
RAD21-Q592* 41.40
PTPN11-A72T 45.25
D2_Other |[F |41 |BM 46,XX[20] NPM1- 20.49
W288ins(GCCA)
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GATA2-A372T

29.21

D3 Other

54

PB

46,XY[7]

NPM1- 31.91
W288ins(GTTC)

FLT3-ITD NA
JAK3-V722I 47.71
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FIGURE LEGENDS

Figure 1: Distinct clinical characteristics of AML with mutations in IDH1, IDH2, or TET2.

A. Kaplan—Meier estimates of overall survival according to mutation group. Patients without
mutations in IDH1, IDH2, or TET2 were classified as Other. Significance is indicated with log-
rank p<0.0001.

B. Multivariable Cox proportional hazards regression showing hazard ratios (HR) and 95% con-
fidence interval (Cl) for overall survival. The model included mutation group, treatment inten-
sity, age (5-year increments), sex, and allogeneic stem cell transplantation (SCT), with SCT
modeled as a time-dependent covariate.

C. Frequencies of the most common co-mutations within the designated mutation groups.
Significant p-values from Pearson’s chi-squared tests are indicated for pairwise comparisons
with an absolute frequency difference 210% after Bonferroni correction (* p<0.05, ** p<0.01,
*** p<0.001).

D. Frequencies of normal karyotype and selected cytogenetic aberrations across mutation
groups. Significant pairwise Fisher’s exact test p-values are indicated after Bonferroni correc-

tion (* p<0.05, ** p<0.01, *** p<0.001).

Figure 2: Transcriptomic profiling of AML shows similarities between epigenetic subgroups.
A. Principal component analysis (PCA) of RNA-seq profiles from IDH1-, IDH2-, TET2-mutant,
and Other AML samples (n=12) matched for additional genetic aberrations.

B. Volcano plot of differential gene expression between IDH1/IDH2- and TET2-mutant AML.
For visualization, absolute log2 fold-change values exceeding 12 were capped at 12.

C. Hierarchically clustered heatmap of the 50 most differentially expressed genes between
IDH1/IDH2- and TET2-mutant AML. Expression is shown as row-wise z-scores.

D. Gene set enrichment analysis (GSEA) of MSigDB Hallmark pathways comparing IDH1/IDH2-
and TET2-mutant AML. Negative normalized enrichment scores (NES) indicate enrichment in

TET2-mutant AML. FDR-adjusted p-values are indicated by color.
Figure 3: Distinct 5-hydroxymethylcytosine patterns in IDH1-, IDH2-, and TET2-mutant AML.

A. Principal component analysis (PCA) of gene-body 5hmC profiles from IDH1-, IDH2-, TET2-

mutant, and Other AML (n=12) matched for additional genetic aberrations.
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B. Global 5hmC mass fraction across IDH1-, IDH2-, TET2-mutant, and Other AML samples. Krus-
kal-Wallis p-value is indicated.

C. Hierarchically clustered heatmap of genes with significantly different gene-body 5hmC lev-
els across mutation groups, identified by multi-group analysis of variance (ANOVA) with a false
discovery rate (FDR) threshold of <0.10.

D. Volcano plot of differential gene-body 5ShmC levels between IDH1/IDH2- and TET2-mutant
AML.

E. Gene set enrichment analysis (GSEA) of MSigDB Hallmark pathways based on differential
gene-body 5hmC levels between IDH1/IDH2- versus TET2-mutant AML. Positive normalized
enrichment scores (NES) indicate enrichment in IDH1/IDH2-mutant AML, whereas negative

NES indicate enrichment in TET2-mutant AML. FDR-adjusted p-values are indicated by color.

Figure 4: Integrated transcriptomic and 5hmC profiling of AML.

A. Scatter plot showing the relationship between differential RNA expression and differential
gene-body 5hmC levels between IDH1/IDH2- and TET2-mutant AML. Each point represents
one gene (n=14,219). Dashed lines indicate the absolute log2 fold-change threshold of 1.
Points are colored according to significance and concordance between data modalities: yel-
low, significantly higher RNA expression and gene-body 5hmC levels in IDH1/IDH2-mutant
AML; red, significantly higher RNA expression and gene-body 5hmC levels in TET2-mutant
AML; green, significant differential RNA expression only; blue, significantly different gene-
body 5hmC levels only; and grey, no significant difference in either modality.

B. Gene set enrichment analysis (GSEA) of MSigDB Hallmark pathways based on integrated
RNA and 5hmC data comparing IDH1/IDH2- and TET2-mutant AML. Positive normalized en-
richment scores (NES) indicates enrichment in IDH1/IDH2-mutant AML, whereas negative NES
indicates enrichment in TET2-mutant AML. FDR-adjusted p-values are indicated by color.

C. External validation of selected Hallmark pathways identified in the integrated RNA/5hmC
analysis using the TCGA AML cohort. Genes were ranked by a Welch t-statistic comparing
IDH1/IDH2- and TET2-mutant AML. Positive normalized enrichment scores indicate enrich-
ment in IDH1/IDH2-mutant AML, whereas negative scores indicate enrichment in TET2-mu-
tant AML. Significance was defined as FDR<0.05.

D. Projection of AML RNA-seq samples onto a normal bone marrow reference map con-

structed from publicly available single-cell RNA-seq data aggregated into pseudobulk profiles.
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Normal reference populations included hematopoietic stem cells (HSC), hematopoietic mul-
tipotent progenitors (MPP), lymphoid-primed multipotent progenitors (LMPP), megakaryo-
cyte-erythroid progenitors (MEP), granulocyte-monocyte progenitors (GMP), monocyte-com-
mitted GMP (GMP-Mono), neutrophil-committed GMP (GMP-Neut), promonocytes, and mon-
ocytes.

E. Projection of AML 5hmC samples onto publicly available 5hmC sequencing data from nor-
mal hematopoietic populations. Normal reference populations included HSC, MPP, LMPP,

common myeloid progenitors (CMP), GMP, MEP, and monocytes.
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Figure 2

A
B ®Upregulated in TET2 OUpreguIated in IDH1/IDH2 ©n.s
e C3_TET2 :
TNFSF12e | ;
- A1_IDHI D3_Other ;1 ARMA
. 401 ° MYOF Lo
g A2_IDH1 51| Other N 1 “FTA sELEnoP
o oy T 151ATP10A_RABS1 GGT1 | SH3BGRL2. SPT,_C3
< _ ! .
< 91 D2_Other "o . NCF2e o« MMRI7 | Npfj ,K\HE)EHB?
© - 2 IF130 CD68 ! ! )
= IS 2] . o— Lo ~~—AEBP1
S e B3_IDH2 C1_TET2 S 40. . RGS10 | : FGF17:
5 -40 e B1_IDH2 g b
© A3_IDH1 3 Lo
I | |
_go| ®B2_IDH2 Lo
-50 0 50 100 L
PC1 (28.3%) A = 44253 2
FCN1
CLTCL1
CD300C
FGL2 1 D
SLC8A1T
CDC42EP1 TET?2
CTSH 0 <
g APOPTOSIS| ° i
NIMP17 » ESTROGEN RESPONSE EARLY °® !
IPCEF1 IL2 STAT5 SIGNALING| °® |
s PEROXISOME ° :
i —D P53 PATHWAY | P :
TNFSF12 HYPOXIA, o :
NCF2 PROTEIN SECRETION]/ ° :
RAB31 ESTROGEN RESPONSE LATE ® ;
S e o TNFA SIGNALING VIA NFKB ° |
GGT1 GLYCOLYSIS] Y ;
P2RY13 REACTIVE OXYGEN SPECIES PATHWAY N :
CD300LB INTERFERON ALPHA RESPONSE ° :
AT10A KRAS SIGNALING UP ° |
C1orf226 FATTY ACID METABOLISM|/ o !
UNC93B1 XENOBIOTIC METABOLISM: ° ;
LGl§I7?_ABﬂ11 UV RESPONSE UP] ° :
ANCREASBERCELS] |
ZFP57 " e !
ZNF711 INFLAMMATORY RESPONSE ° ;
PALM MTORC1 SIGNALING! °® :
ztggym ADIPOGENESIS{ @ :
SELENOP OXIDATIVE PHOSPHORYLATION{ @ ;
PTPN14 ALLOGRAFT REJECTION{ @ :
AEBP1 IL6 JAK STAT3 SIGNALING| o :
g’ﬁ%c%om INTERFERON GAMMA RESPONSE{ @ :
AR COMPLEMENT|® | | | |
ARMH1 -20 -15 -1.0 -05 0.0
FGF17 Normalized Enrichment Score (NES)
SPTLC3
SH3BGRL2 p.adjust setSize
§,L:$£5A29 c o @
P3H3 %050, P ‘%%

| |ipH1/DH2

NMT2
PRKD3
RHOBTB1

=



Figure 3

A

50+

3014.5

PC2 (16.9%) A=

|
0
o

A1_IDH1e

A3_IDH1

® C3_TET2
D3_Other

A2_IDH1
( J

® D2_Other

C1_TET2,
D1_Other

B3_IDH2 .
C2_TET2

% B2_IDH2
® B1_IDH2

-100

g
€
14
;
;
b

.[I. i

i

W

1N

;'!TT o

FELL mre, o "Tﬁr

TET2

-50 0 50 100

PC1(32.6%) A =5816.8

5hmC Mass Fraction

0.03

0.02

Kruskal-Wallis, p=0.044

eHigher 5hmC in TET2 eHigher 5hmC in IDH1/IDH2 on.s

) 20 i i °AVP
; ! -MZB1
1 ! © NFIX
: ' ~TXNIP
o 15 GOS8 sicosacs
0 E EC1OI‘f1 12T®AMPC§\KHDRBS3
% LILREA | SLCAOAT <, . -
R TBCID26 o o C
5 ADAMTS2 'e © © °
2 2 KO THBST e e
o 9. e JAK2
51 5 o = .
il ® ®
________________ P il __OQO__(iO_________
0 | i
25 00 25 50
log2FC
_ TET2 IDH1/IDH2
APOPTOSIS ; | °
TNFA SIGNALING VIA NFKB | | °
WNT BETA CATENIN SIGNALING :
IL2 STAT5 SIGNALING | | °
INTERFERON ALPHA RESPONSE | o
INFLAMMATORY RESPONSE ! <
HYPOXIA | i °
INTERFERON GAMMA RESPONSE 5 o
EPITHELIAL MESENCHYMAL TRANSITION { 5 °
KRAS SIGNALING UP | ; °
P53 PATHWAY | °
OXIDATIVE PHOSPHORYLATION (@ |

-1 0 1
Normalized Enrichment Score (NES)

p.adjust setSize
e o O
o0 0 S 75 7



Figure 4

A o RNA and 5hmC higher in IDH1/IDH2 @ RNA only B TET2 IDH1/IDH2
@ RNA and 5hmC higher in TET2 e5hmConly on.s ?
v EPITHELIAL MESENCHYMAL | 5 °
: : PCDHB2 TRANSITION :
e PABPCAL APOPTOSIS | | ®
f oy ° LRATD1 :
4 P MYGN o \ HEME METABOLISM; ; ®
-'KHDRBS3 NETO1 M INTERFERON GAMMA| o |
- UGT2B28™ Uspaa RATT RESPONSE |
O | o o8l Y AVPR1A _ :
I o s e o2 “sNCAI G2M CHECKPOINT{ @ i
S 2 v b 4RG3 === fienle !
5 kot an_EN@p GULP/@ INFLAMMATORY RESPONSE| @ |
;cf é”“%%“ﬂ“‘ébﬁiz“‘/?‘ ALLOGRAFT REJECTION| @ |
q ZFP57 !
0 E2F TARGETS| @ :
C1QASDC?2 COAGULATION{ ® l
""t/"'"'ﬁ'm‘ By "6 "g "% """ "TTTT-T- |
ACT% &5 OXIDATIVE| o |
b O\Sopg?i'. PHOSPHORYLATION !
PRLR COMPLEMENT {@ |
pDKa GLT1D1 .
-2 -1 0 1
-10 -5 0 5 10 Normalized Enrichment Score (NES)
RNA logzFC p.adjust setSize
e © 0 O
o, 0. 0 7y 75 e 7
‘0, "¢ "0 0 " "D »
C D
1 COAGULATION Healthy cell populations
00 R N T —— o * , |(pseudobulk scCRNA)
) VECHE T e o8 .‘ HSC
-0.1 20 ossl¥ MPP
-0.2{ NES=-1.705 $ o . ®LMPP
N - i NP @ MEP
0.3] FDR=5.69x107 Q :.;I'bfb@ ©GMP
04 e @ o e . ® GMP-Neut
0 10K 20K 30K 40K N ° .® ® GMP-Mono
O ® & ¢ @ Promonocyte
o & o .« %o ® Monocyte
OXIDATIVE PHOSPHORYLATION °* A . A . AML samples
[) N %"A&Oo ot oo o. A IDH1
2|00 Ao & o5 Al A IDH2
A |-0.1 VOl ATET?
= | | | ‘ | | | A Other
é -02| NES=-1748 -40  -20 c;) . (292500/) 40 60
S |-0.3| FDR=4.44x10"° E o
D -04 Healthy cell populations
B e - o ° (5hmC)
0 10K 20K 30K 40K HSC
()
20 1 MPP
° o ©LMPP
COMPLEMENT ~ 3 YW ® MEP
0 0 r Wﬁ” HIHHI\IHIHII }H_ = _i — _H_ I g 0 é ) o .GMP
0.1 e A . @ CMP
: e o A |®@Monocyte
-0.2 O AA
NES=-1.815 a A AV |
-0.31 FDR=7.37x1077 -20 ° A samples
37x10 . A IDH1
-0.4 o A IDH?2
-------------------------- . A TET2
0 10K 20K 30K 40K 3o A Other
-401_, , , ,
Ranked Gene Index -40 0 40 80

PC1 (67%)



SUPPLEMENTARY APPENDIX - Distinct clinical and molecular profiles of acute myeloid leu-
kemia defined by mutations in IDH1, IDH2, and TET2

SUPPLEMENTARY MATERIALS AND METHODS

Fluorescence-Activated Cell Sorting

For florescence-activated cell sorting (FACS) of AML blasts, cells were thawed and stained in
PBS buffer containing 2% FBS and 2 mM EDTA, using propidium iodide (PI, Thermo Fisher Sci-
entific, USA, Cat#P3566) as a viability dye and the following antibodies: V450-conjugated anti-
CDA45 antibody (BD Bioscience, USA, Cat# 560367), PE-Cy5 conjugated anti-CD19 antibody (BD
Bioscience, Cat# 555414), PE-Cy5 conjugated anti-CD20 antibody (BD Bioscience, USA, Cat#
555624), APC-Cy7 conjugated anti-CD3 antibody (BD Bioscience, Cat# 557832). Cells were kept
in the dark for 20 minutes at 4°C, washed and resuspended in buffer containing 0.5 pg/ml
propidium iodide (PI). For each sample, 400 000 viable AML blasts were defined as PI"CD3"
CD19°CD20CD45%™ and sorted into two Eppendorf tubes and post-sort purity was analyzed
by flow cytometry. Cells were washed in PBS and resuspended in DNA/RNA Shield storage
buffer (Zymo, USA, Cat# R1100-250) and snap-frozen on dry ice and stored at -80°C until anal-

ysis.

RNA and 5hmC downstream analyses

For each differential comparison, the DESeq2 design was specified according to the contrast
being tested. Significance was defined as a Benjamini-Hochberg (BH)-adjusted p-value <0.05
and an absolute log2 fold change (|log2FC|) > 1. Volcano plots were created using ggplot2
(v.4.0.0). Heatmaps were created with pheatmap (v.1.0.13)! using normalized DESeq2 counts
with row-wise z-score scaling. Principal component analysis (PCA) was performed on variance-
stabilized expression matrices after removal of zero-variance features. Silhouette scores were
calculated based on Euclidean distances in the two-dimensional PC1-PC2 space. For each sam-
ple, the nearest alternative mutation group was defined as the group with the smallest mean
Euclidean distance to that sample in the PC1-PC2 space, excluding its own mutation group.
Global 5hmC mass fractions were compared across mutation groups using the Kruskal-Wallis
test. Multi-group analysis of variance (ANOVA) was performed to identify genes with signifi-
cantly different 5hmC levels across mutation groups. For each gene, an ANOVA F-statistic and

corresponding p-value were calculated. Multiple testing correction was applied using the BH



false discovery rate (FDR) method, with an FDR <0.10 considered significant. Preranked Gene
Set Enrichment Analysis (GSEA) was performed using clusterProfiler (v.4.17.0)? with MSigDB
Hallmark gene sets. Genes were ranked according to sign(log2FC) * (-logio(p-value)), using un-
adjusted DESeq2 gene-level p-values. Gene identifiers were mapped to Entrez IDs where re-
quired, and duplicated identifiers were collapsed by their mean rank. Multiple testing was

controlled using BH adjustment, with FDR <0.05 considered significant.

To integrate transcriptional and epigenetic data, differential results from the IDH1/IDH2- ver-
sus TET2-mutant AML comparisons were matched by gene symbols. Concordance between
RNA and 5hmC effect sizes was assessed using Spearman rank correlation (Spearman p) across
genes represented in both modalities. Genes were considered concordant if they were signif-
icant in both modalities (FDR <0.05) and showed log2FC values in the same direction. For in-
tegrated pathway analysis, RNA and 5hmC log2FC values were standardized separately to z-
scores. An integrated gene-ranking score was calculated as z(log2FC(RNA)) + z(log2FC(5hmC))

and used for preranked GSEA of MSigDB Hallmark gene sets.

External datasets

Publicly available single-cell RNA-seq data from normal hematopoietic populations as de-
scribed in Zeng et al. 20253, comprising datasets from Oetjen et al. 2018* Human Cell Atlas
(HCA) Bone Marrow dataset, Mende et al. 20225, Setty et al. 20198, Ainciburu et al. 20227 and
Granja et al. 20198, were retrieved from the CZ CELLXGENE collection “A (Balanced) Bone Mar-
row Reference Map of Hematopoietic Development.” The single-cell RNA-seq data were re-
stricted to normal bone marrow cells belonging to predefined hematopoietic populations.
Cell-type annotations were harmonized into healthy hematopoietic reference groups, includ-
ing hematopoietic stem cells (HSC), multipotent progenitors (MPP), lymphoid-primed mul-
tipotent progenitors (LMPP), megakaryocyte-erythroid progenitors (MEP), granulocyte-mon-
ocyte progenitors (GMP), monocyte-committed GMP (GMP-Mono), neutrophil-committed
GMP (GMP-Neut), promonocytes, and monocytes. Pseudobulk profiles were generated sepa-
rately for each donor and hematopoietic population by summing raw gene counts across cells.
Donor cell-type combinations represented by fewer than 50 cells were excluded. Duplicate
gene symbols were collapsed by summing counts, and pseudobulk libraries were normalized

to counts per million and log2-transformed as log2(CPM + 1) prior to reference projection. For



the single-cell RNA-seq reference, study-associated variation was adjusted using limma
(v.3.66.0) prior to PCA while preserving differences between hematopoietic reference popu-
lations. Single-cell RNA-seq data were processed in Python (v.3.13.5) using Scanpy (v.1.12.1)°
for handling AnnData objects, pandas (v.2.3.3) for data manipulation, NumPy (v.2.4.6)° for

numerical operations, and SciPy (v.1.18.0)! for sparse matrix handling.

Unstranded bulk RNA-seq data from normal hematopoietic populations previously generated
by Corces et al. 2016 were downloaded from the NCBI Gene Expression Omnibus (GEO) un-
der accession number GSE74246. Publicly available 5hmC sequencing data from normal hem-
atopoietic populations described in Nakauchi et al. 20223 were obtained from GEO under
accession number GSE198908. Reference populations included HSC, MPP, LMPP, common
myeloid progenitors (CMP), GMP, MEP, and monocytes. Normal reference counts were TMM-
normalized and transformed to logCPM values. For each reference analysis, genes shared be-
tween the normal reference and the corresponding AML dataset were identified, and the
3,000 genes with the highest variance in the normal reference were selected. PCA was per-
formed on the normal reference only, with features centered and scaled, and AML samples
were subsequently projected into the PCA space defined by the normal reference. Mean pro-
files were calculated for each normal hematopoietic population, and similarity between indi-
vidual AML samples and the reference populations was quantified using Spearman rank cor-
relation across the selected genes. The nearest normal population was defined as the popula-

tion with the highest correlation.

Selected Hallmark pathways identified in the integrated RNA/5hmC analysis were externally
evaluated using transcriptomic data from The Cancer Genome Atlas (TCGA) AML cohort.'
Samples with mutations in IDH1 or IDH2 in the absence of TET2 mutation were classified as
IDH1/IDH2-mutant, whereas samples with TET2 mutation in the absence of IDH1/IDH2 muta-
tions were classified as TET2-mutant. Fusion-positive samples were excluded from the primary
analysis. TCGA gene expression data were obtained as TPM values and log2-transformed as
log2(TPM + 1). Genes were mapped to gene symbols with duplicated symbols collapsed.
Genes were ranked using a Welch t-statistic comparing the IDH1/IDH2- and TET2-mutant
groups, and preranked GSEA was performed using fgseaMultilevel for the prespecified

MSigDB Hallmark pathways. FDR <0.05 was considered significant.



Swedish AML registry statistical analyses

Clinical, molecular, and cytogenetic characteristics were summarized by mutation group
(IDH1, IDH2, TET2, and Other). Continuous variables were reported as medians with interquar-
tile range (Q1, Q3) and compared using the Kruskal-Wallis rank-sum test. Where applicable,
post hoc pairwise comparisons were performed using two-sided Wilcoxon rank-sum test
(Mann-Whitney U test). Categorical variables were compared using Pearson’s chi-squared
test. For treatment intensity (intensive chemotherapy, low intensity/HMA, or palliative care)
separate row-specific chi-squared tests were performed. Co-mutation frequencies were com-
pared both globally and pairwise using Pearson’s chi-square test. Cytogenetic abnormalities
were analyzed using Fisher’s exact test for global comparisons, followed by two-sided Fisher’s
exact tests for pairwise comparisons. P-values from multiple pairwise or row-specific compar-

isons were adjusted using the Bonferroni method.

Overall survival was analyzed using multivariable Cox proportional hazards regression to esti-
mate the associations between mutation groups, treatment and overall survival. For the main
cohort analyses, overall survival was calculated from the date of diagnosis to death, with pa-
tients alive at last follow-up censored at that date. The model included mutation group (IDH1,
IDH2, TET2, and Other), treatment (low intensity/HMA or intensive chemotherapy), age (per
5-year increments), sex, and allogeneic stem cell transplantation (SCT). SCT was modeled as a
time-dependent covariate when transplantation dates were available. The proportional haz-
ards assumption was assessed using Schoenfeld residuals. Univariable Cox proportional haz-
ards regression was used for predefined subgroup analyses to assess the association of NPM1
mutation status with overall survival among patients receiving intensive chemotherapy, and
to compare HMA plus venetoclax with HMA monotherapy among patients receiving low-in-
tensity treatment. For these treatment-specific subgroup analyses, survival time was calcu-
lated from treatment initiation to death, with patients alive at last follow-up censored at that
date. Cox models were fitted using the Efron method for tied event times. Hazard ratios (HR)
and 95% confidence intervals (Cl) were obtained by exponentiating the model coefficients and
corresponding confidence limits. Patients with missing data for variables required in a given
analysis were excluded from that analysis. All statistical analyses were performed using R
(v.4.5.1) with the following packages: dplyr (v.1.1.4)° for data manipulation, rstatix (v.0.7.2)%

for statistical analyses, and ggplot2 (v.4.0.0)!’ for visualization.
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SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure 1: Clinical characteristics of epigenetic subgroups of AML.

A. Distribution of AML patients in the Swedish AML registry. Co-mutated* (>2) indicates co-
occurring mutations in two or more of IDH1, IDH2, and TET2.

B. Age distributions across mutation groups. Violin plot shows full distribution with embedded
boxplots indicating median and quartiles. Pairwise Wilcoxon rank-sum p-values are indicated
after Bonferroni correction (*** p<0.001).

C. Distribution of key clinical parameters across mutation groups. Median values are indicated
by dotted lines, and healthy reference ranges are shown in grey.

D. Kaplan-Meier estimates of overall survival comparing IDH1/IDH2-mutant and TET2-mutant
AML. Significance is indicated by log-rank p<0.0001.

E. Multivariable Cox proportional hazards regression showing hazard ratios (HR) with 95% con-
fidence interval, adjusting for mutation group (/IDH1/IDH2-mutant as one group compared to
TET2-mutant), treatment intensity, age (5-year increments), sex, and stem cell transplantation

(SCT), with SCT modeled as a time-dependent covariate.

Supplementary Figure 2: Survival analyses in mutational subgroups.

A-B. Kaplan-Meier estimates of overall survival of AML patients receiving low-intensity treat-
ment consisting of HMA with or without venetoclax, results shown separately for IDH2-mutant
(A) and IDH1-mutant (B) AML. P-values are from univariable Cox proportional hazards regres-
sion.

C-F. Kaplan-Meier estimates of overall survival according to NPM1 mutation status among pa-
tients receiving intensive chemotherapy, shown separately for IDH1-mutant (C), IDH2-mutant
(D), TET2-mutant (E), and Other AML (F) groups. P-values are from univariable Cox propor-
tional hazards regression.

G. Distribution of TET2 variant allele frequency (VAF) among patients with TET2-mutant AML.
The median VAF is indicated as a dotted line.

H. Kaplan-Meier estimates of overall survival according to TET2 VAF, comparing patients with
VAF <45% and VAF >55%. Patients with VAF between 45% and 55% were excluded. The log-

rank p-value is indicated.



Supplementary Figure 3: FACS isolation of AML blast cells for RNA sequencing and gene-
body 5hmC enrichment sequencing.

A. Representative FACS gating strategy used to isolate AML blasts.

B. Post-sort purity analyses of FACS-isolated AML blasts from all samples, showing blast purity
>99%.

Supplementary Figure 4: Differential gene expression analyses.

A. Volcano plot of differential gene expression between IDH1/IDH2/TET2-mutant and Other
AML samples.

B. Hierarchically clustered heatmap of the 11 differentially expressed genes between
IDH1/IDH2/TET2-mutant and Other AML samples. Expression is shown as row-wise z-scores.
C. Volcano plot of differential gene expression comparing IDH1/IDH2-mutant and Other AML
samples.

D. Volcano plot of differential gene expression comparing Other and TET2-mutant AML sam-

ples.

Supplementary Figure 5: Differential gene-body 5hmC patterns and comparison with normal
hematopoietic reference populations.

A. Volcano plot of differential gene-body 5hmC levels between IDH1/IDH2-mutant and Other
AML samples.

B. Volcano plot of differential gene-body 5hmC levels between Other and TET2-mutant AML
samples.

C. Scatter plot showing gene-wise RNA and 5hmC log2 fold changes for genes represented in
both datasets (n=14,219). The fitted linear trend is shown in blue, and the Spearman correla-
tion coefficient and p-value are indicated.

D. Heatmap of Spearman correlations between AML RNA-seq samples and normal bone mar-
row single-cell pseudobulk reference populations. Rows represent AML samples and columns
represent normal hematopoietic populations.

E. Projection of AML RNA-seq samples onto a publicly available normal hematopoietic bulk
RNA-seq reference. Normal reference populations included HSC, MPP, LMPP, CMP, GMP, MEP,

and monocytes.



F. Heatmap of Spearman correlations between AML RNA-seq samples and normal hematopoi-
etic bulk RNA-seq reference populations. Rows represent AML samples and columns represent
normal hematopoietic populations.

G. Heatmap of Spearman correlations between AML 5hmC samples and normal hematopoietic
5hmC reference populations. Rows represent AML samples and columns represent normal

hematopoietic populations.
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Supplementary Figure 4
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Supplementary Figure 5
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