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KEYWORDS Abstract Resistance to chemotherapy and subsequent relapse remain the primary challenge
Acute megakaryo- in pediatric acute myeloid leukemia (pAML), particularly in CBFA2T3-GLIS2 (C/G) fusion-posi-
blastic leukemia; tive acute megakaryoblastic leukemia. Here we demonstrate that the C/G fusion drives exten-
Acute myeloid sive DNA methylation changes and oncogenic enhancer activation at cis-regulatory elements
leukemia; (CREs), reshaping gene expression. This multi-omics analysis reveals a distinct hypermethyla-
CBFA2T3-GLIS2; tion pattern at promoters of up-regulated genes in C/G* pAML across patient samples (n = 24)
cis-regulatory and representative cell lines, notably enriched in adhesion-related, TGFB, or Wnt signaling
elements; pathways. Hypermethylated regions adjacent to transcription start sites (TSS) maintain open
DNA methylation; chromatin with H3K27ac enrichment, supporting a mechanism of de novo chromatin looping
Enhancer and active transcription in a non-canonical manner. Additionally, C/G fusion binding near

the DNA methyltransferase 3B (DNMT3B) promoter correlates with elevated DNMT3B expres-
sion, implicating its role in aberrant DNA methylation changes at CREs. This study elucidates
the epigenetic mechanisms driving C/G* pAML, showing how the fusion reshapes chromatin
and DNA methylation landscapes by impacting the expression (and likely activity) of epigenetic
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modifiers like DNMT3B. Functionally, DNMT3B inhibition enhances apoptotic sensitivity to BCL2
blockade, indicating that targeting DNMT3B may overcome apoptotic resistance in C/G*
leukemic cells and offer a therapeutic strategy for this high-risk subtype.

© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

Introduction

Acute myeloid leukemia (AML) is a highly heterogeneous
clonal neoplasm arising from hematopoietic stem cells
(HSCs), characterized by genetic and epigenetic alterations
that drive the unchecked proliferation and infiltration of
immature myeloid cells across multiple organs.”? Acute
megakaryoblastic leukemia (AMKL), more common in pe-
diatric AML (pAML), involves the uncontrolled proliferation
of megakaryoblasts (MK), the precursors of platelets.?
While most AMKL cases in pAML patients with Down syn-
drome have a favorable survival rate (>80%), patients with
non-Down-syndrome AMKL (de novo AMKL) face poor out-
comes, with only 34% overall survival. Among de novo
AMKL cases, a particularly high-risk subgroup limited to
young children (<3 years) is defined by the presence of the
CBFA2/RUNX1 partner transcriptional co-repressor 3
(CBFA2T3)-GLIS family zinc finger 2 (GLIS2) (C/G) oncofu-
sion, also observed in certain non-AMKL pAML cases.’~” This
fusion confers resistance to chemotherapy; C/G™ patients
are generally refractory to treatment, with high relapse
rates.®? Although induction therapy temporarily achieves
remission in approximately 50% of C/G* cases, over 90% of
these patients retain minimal residual disease, contributing
to frequent relapse and poor event-free survival. Salvage
therapy after relapse is often ineffective, resulting in an
overall survival rate below 15%.%1°"3

At the molecular level, the C/G fusion exerts a potent
oncogenic ’hit’ that significantly alters leukemic proper-
ties, leading to the up-regulation of the E—26 trans-
formation-specific transcription factor-related gene (ERG)
and down-regulation of GATA-binding factor 1 (GATA1).'*'>
The overexpressed ERG, together with C/G, drives the
formation of de novo super-enhancer (SE) elements,
establishing a feedforward loop that amplifies gene
expression, including genes like KIT.'*'® Notably, these C/
G-induced SEs are situated far from canonical binding sites
for CBFA2T3 or its typical partners, such as GATA1, TAL1, or
RUNX, observed in MK progenitors,'*'” thereby contributing
to dysregulated gene expression.

Additionally, the C/G fusion binds to proximal promoter
regions of DNA methyltransferase 3B (DNMT3B), enhancing
their expression and potentially explaining the genome-
wide hypermethylation observed in C/G*t cells.'®"
Abnormal DNMT3B activity, which induces CpG island
hypermethylation, has been shown to influence HSC fate
and sustain disease-specific enhancer activities.?>?" How-
ever, the precise impact of hypermethylation at cis-regu-
latory elements (CREs) on transcriptional programs in C/G™
pAML remains unclear. Here, we present an integrative
multi-omics approach to assess how DNA methylation and
chromatin modifications interact to regulate the enhancer-
driven transcriptional program in C/G* pAML.

Materials and methods
Patient samples and cell lines

Primary pAML samples (n = 75) from the Children’s
Oncology Group clinical trials (AAML0531, AAML1031, and
AAMLO3P1) were analyzed and compared with normal bone
marrow mononuclear cells (NBM) from healthy donors
under 18 years old (n = 10; Table S1). The study also
included two C/G™ cell lines (M07e and WSU-AML) and three
non-C/G AML cell lines (KG1A, KASUMI-1, and ME-1), as well
as cord blood-derived CD34" HSC and MK progenitors. De-
tails of the culture conditions are provided in the supple-
mentary information.

DNA methylation analysis

We analyzed DNA methylation data from patient-derived
samples and NBM isolates, generated using the Illumina
MethylationEPIC V1.0 BeadChip array (lllumina Inc., USA)
and deposited in public databases (GSE124413 and
GSE190931). For primary cells and AML cell lines, DNA
methylation assays were conducted using the Illumina
MethylationEPIC V2.0 array platform, and the resulting data
were analyzed. Detailed information on DNA methylation
data processing and annotation can be found in the sup-
plementary information. CpG sites with a >10% increase in
DNA methylation in AML samples (patients or cell lines)
compared with controls (NBM for patients or HSC/MK for
cell lines) were classified as hypermethylated, while those
with a >10% decrease were classified as hypomethylated.
Additionally, we performed reduced representation bisul-
fite sequencing (RRBS) in MO7e cells per our previously
published protocol,”>?* to identify differentially methyl-
ated regions (DMRs) following functional knockout (KO) of
DNA-methyltransferase 3B (DNMT3B), compared with wild-
type (WT) MO7e cells (see supplementary information for
details). Consistent with the MethylationEPIC arrays, we
considered an absolute change of >10% in DNA methylation
in DMRs to be significant between KO and WT cells.

RNA sequencing

The transcriptome profiles of C/G* pAMKL and NBM samples
were obtained from published RNA sequencing datasets
available at dbGAP (accession # phs000465.v19. p8)." For
primary cells and AML cell lines, RNA sequencing libraries
were prepared using our previously published protocol.??
Detailed information on the processing and analysis of RNA
sequencing data can be found in the supplementary
information.
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Integration of DNA methylation and expression

Genes with an average absolute AB-value of >10% at their
promoters or gene bodies, calculated from differentially
methylated CpG sites (DMCs) between AML samples and
controls, were designated as differentially methylated
genes (DMGs). We then integrated these DMGs with corre-
sponding differential expression profiles (|log, fold
change| > 1). This intersection of DMGs and differentially
expressed genes yielded four distinct gene clusters: i)
hypermethylated and up-regulated (hyper—up), ii) hyper-
methylated and down-regulated (hyper—down), iii) hypo-
methylated and up-regulated (hypo—up), and iv)
hypomethylated and down-regulated (hypo—down).

Identification of differentially methylated
chromatin states in C/G* pAML

Chromatin immunoprecipitation-sequencing data for four
chromatin marks (H3K4me1, H3K4me3, H3K27ac, and
H3K27me3) in M07e cells were retrieved from a previous
study.” These datasets were processed in-house to anno-
tate chromatin states at CREs using a multivariate hidden
Markov model (ChromHMM)?* with a 10-state configuration.
The model followed established definitions and emission
parameters (see details in supplementary information).?
Differential DNA methylation data were then integrated
with the annotated chromatin states to identify overlaps
between hyper- and hypo-methylated CpGs and regulatory
chromatin states (defined as methylated chromatin states)
using BEDTools.® Visualizations of epigenetic marks for
selected genes were generated using the Integrative
Genome Viewer (IGV).%°

Determination of chromatin accessibility across
differentially methylated chromatin states

Chromatin accessibility in M07e cells was assessed using the
assay for transposase-accessible chromatin with sequencing
(ATAC-sequencing) data obtained from a previously pub-
lished study.'® ATAC-sequencing peaks were identified with
MACS2.%” Differentially enriched open chromatin regions in
MO07e cells were compared with those in CD34" HSCs and
integrated with differentially methylated chromatin states
using BEDTools.? Significant overlaps were defined as re-
gions with >50 bp overlap between differentially methyl-
ated chromatin states and open chromatin regions.

High-throughput promoter capture chromosome
conformation capture techniques

Promoter capture Hi-C (PCHi-C) was used to analyze long-
range chromosomal interactions between promoters and
distal regulatory regions in C/G* M07e cells, compared with
HSCs.?® Libraries were prepared using the Dovetail® Pan
Promoter™ Assay (Catalog #35013E, Cantata Bio), following
the manufacturer’s protocol. Details of the PCHi-C
sequencing and data analysis pipeline are provided in the
supplementary information. Genome-wide binding of the
CCCTC-binding factor (CTCF) in MO7e cells was mapped

using CUT&RUN sequencing following established pro-
tocols.?®*° This analysis enabled the identification of CTCF-
guided and non-CTCF-guided de novo promoter-interacting
loops. These interactions were further integrated with
differential DNA methylation data to investigate the role of
DNA methylation in shaping complex three-dimensional
genome organization.

Determining the binding distribution of the C/G
fusion

CUT&RUN sequencing was conducted to examine the
binding and distribution of CBFA2T3, GLIS2, and histone
modifications (H3K4me3, H3K27ac, and H3K27me3) at C/G
binding sites in C/G' M07e cells and C/G~ K562 cells
following previously published protocols.?®*° An N-terminal
CBFA2T3-specific antibody was used to detect CBFA2T3
binding, and a GLIS2-specific antibody recognizing an
epitope within amino acids 260—310 was employed to
detect the center of human GLIS2 binding (GLIS2%).
Additionally, an N-terminal GLIS2-specific antibody, which
lacks a target in the C/G fusion, served as a negative con-
trol for GLIS2 binding. Regions exhibiting peaks common to
both the N-terminal CBFA2T3 and GLIS2 (aa 260—310) an-
tibodies were designated as C/G-binding sites.

Generation of DNMT3B KO M07e cells via CRISPR-
Cas9 lentiviral transduction

To generate DNMT3B KO M07e cells, we employed CRISPR-
Cas9-mediated genome editing via lentiviral transduction.
The single-guide RNA (sgRNA) targeting DNMT3B was
designed using the Cas-Designer program, with potential
off-target sites and mismatch profiles assessed using the
Cas-OFFinder tool from CRISPR RGEN.3"32 The sgRNA, tar-
geting exon 6 of DNMT3B, was individually cloned into a
lentiviral vector under the control of a human Ué promoter,
while SpCas9 and a puromycin resistance gene were co-
expressed under an EFS promoter. Lentiviral particles were
generated by transfecting HEK293T cells with the CRISPR
construct using Lenti-X™ Packaging Single Shots (VSV-G)
(#631275, Takara). Viral supernatants were harvested 48 h
post-transfection, filtered, and used to transduce MO07e
cells seeded onto Retronectin (#7202, Takara)-coated
plates (10 pg/mL). Infected cells were subjected to puro-
mycin selection (1 pg/mL) for 15 days, followed by clonal
isolation via limiting dilution. Single-cell clones were
screened for DNMT3B disruption using western blotting
analysis. A non-targeting sgRNA (scramble) control was
included to evaluate potential off-target effects. To assess
the basal effect of DNMT3B loss on cell viability in the
absence of drug, M07e WT and DNMT3B KO cells were
seeded at equal density in 96-well plates and cultured
under standard growth conditions. After 48 h, viability was
assessed using the CellTiter-Glo assay (Promega) per our
previous studies.®>>* DNMT3B KO viability was normalized
to the WT control, and statistical significance was deter-
mined using an unpaired two-tailed t-test with Welch’s
correction.
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Assessment of chemotherapeutic sensitivity
following DNMT3B inhibition

To determine the effect of DNMT3B loss on chemothera-
peutic response, we assessed the sensitivity of M07e WT
and DNMT3B KO cells to venetoclax, a BCL-2 inhibitor.
Venetoclax was serially diluted from 25 uM to 10 nM and
added to cultures in six biological replicates. After 48 h of
treatment, cell viability was measured using the CellTiter-
Glo luminescent cell viability assay (Promega). Lumines-
cence was recorded using an Agilent BioTek Gen5 micro-
plate reader (Winooski, VT, USA), and the half-maximal
inhibitory concentration (ICsg) was calculated using
nonlinear regression in GraphPad Prism v7.0 (Boston, MA,
USA). For apoptosis analysis, MO7e DNMT3B KO cells were
treated with 0.145 uM venetoclax, one-fold below the ICsq
determined for these cells (0.29 uM), for 48 h. Cells were
stained with annexin V-FITC and propidium iodide (PI) using
a commercial apoptosis detection kit (Thermo Fisher Sci-
entific) and analyzed on a BD LSRFortessa 4-laser, 16-color
flow cytometer. Cells were classified as viable (annexin V™ /
PI7), early apoptotic (annexin V*/PI7), late apoptotic
(annexin V*/PI"), or necrotic (annexin V~/PI™"), and quan-
tified using FlowJo software (v10.8).

Statistical analysis

A two-way ANOVA was used to assess significance in the
differential methylation analysis. For all additional ana-
lyses, we used either a non-parametric, two-tailed
Mann—Whitney U test or a one-tailed Wilcoxon test, as
appropriate. Statistical significance was set at a false dis-
covery rate of <0.01 or <0.05, as indicated in the results.
Selected Graphics were created using BioRender.

Results

C/G* pAML displays a distinct DNA methylation
landscape

We performed genome-wide DNA methylation profiling in
C/G* pAML, including both megakaryocytic (M7, n = 9) and
non-megakaryocytic (n = 15) subtypes, and compared
these to non-C/G de novo AMKL samples (n = 51) and NBM
(n = 10) (Fig. 1A and Table S1). Principal component
analysis of the top 5% (~36,000) most variable CpG sites
revealed a clear segregation pattern between NBM isolates
and C/G" pAML samples, including both M7 and non-M7
lineages (Fig. S1). We identified 91,462 DMCs common to
both C/G-M7 and C/G-non-M7 samples compared with NBM,
mapping to 20,580 DMGs (Fig. 1B). Similarly, comparison of
C/G" cell lines (MO7e, WSU-AML) to HSCs and MK pro-
genitors revealed 26,117 DMCs associated with 25,517 DMGs
(Fig. 1C). After excluding pseudogenes and non-coding loci,
intersection of these two datasets yielded 17,716 shared,
protein-coding DMGs in C/G* samples across patient and
cell line contexts (Fig. 1D). Region-specific analysis showed
that in patient samples, 9370 DMGs were altered at pro-
moters and 10,089 at gene bodies. In cell lines (based on
MO7e vs. HSC), 5779 DMGs were hypermethylated and 3951

hypomethylated at promoters, while 4325 were hyper-
methylated and 5764 hypomethylated in gene bodies. The
total number of hyper-/hypomethylated genes across re-
gions exceeds the number of unique DMGs (19,819 vs.
17,716), reflecting certain genes that undergo differential
methylation at both promoters and gene bodies. Density
plots of B-value differences (AB) revealed that methylation
changes in patients were largely concentrated within a
+25% range across promoters, gene bodies, and intergenic
regions, whereas cell lines displayed broader methylation
shifts extending to +75% (Fig. 1E—G), suggesting more
extensive epigenomic remodeling in vitro.

To evaluate whether these methylation patterns are
conserved, we performed unsupervised hierarchical clus-
tering using the top 10% most differentially methylated
DMGs (based on AP magnitude) stratified by genomic
context. In C/G* patients, this included 947 promoter-
associated and 932 gene body-associated DMGs, comprising
4418 hypermethylated and 5312 hypomethylated genes at
promoters, and 3426 hypermethylated and 6663 hypo-
methylated genes at gene bodies (Fig. 1H). In C/G* cell
lines, the corresponding promoter subset (n = 1030)
included 5779 hypermethylated and 3951 hypomethylated
genes, while the gene body subset (n = 1017) included
4325 hypermethylated and 5764 hypomethylated genes
(Fig. 11). Clustering analysis confirmed that C/G-M7 and C/
G-non-M7 cases grouped together, distinctly separated
from NBM and non-C/G AMKL subtypes. Similarly, MO7e and
WSU-AML clustered closely with each other, segregating
from normal hematopoietic progenitors and non-C/G AML
cell lines. Collectively, these findings define a conserved,
lineage-independent C/G-associated methylation program
enriched at both promoters and gene bodies. While both
hypermethylation and hypomethylation events are
observed, C/G* cell lines exhibit a modest enrichment of
hypermethylation relative to primary leukemias (Tables S2
and S3), highlighting both shared and context-specific fea-
tures of epigenetic dysregulation in C/G-driven leukemia.

Gene expression in C/G™ pAML is associated with
both canonical and non-canonical changes in DNA
methylation

Previous comprehensive transcriptome profiling studies
have identified C/G fusion-specific genes and path-
ways. % To elucidate potential epigenetic mechanisms
underlying gene dysregulation in C/G* pAML, we integrated
matched DNA methylation and transcriptomic data from
patient samples and cell lines. Intersecting DMGs with
differentially expressed genes identified 3809 unique genes
in C/G" patients (Fig. 2A and Table 54), 3968 in M07e cells
compared with HSCs, and 2723 in MO7e compared with MKs
(Fig. 2B and Tables S5 and S6). Overall, correlation between
differential DNA methylation and gene expression was weak
(R* < 0.1), consistent with the observation that both pro-
moter and gene body hypermethylation or hypomethylation
were associated with either gene up-regulation or down-
regulation (Table S7).

Focusing on up-regulated differentially expressed genes
linked to altered DNA methylation, we identified 952 pro-
moter- and 864 gene body-associated up-regulated genes in
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Figure 1  DNA methylation landscape of C/G" pediatric acute myeloid leukemia (AML) and cell line models. (A) Overview of the
cohort, including all de novo acute megakaryoblastic leukemia subtypes (n = 75), compared with mononuclear cells derived from the
bone marrow (BM) of non-cancer donors under 18 years of age (n = 10). This analysis also incorporated two CBFA2T3-GLIS2 (C/G)-
positive AML cell lines (M07e and WSU-AML), three non-C/G AML cell lines (KASUMI-1, KG1A, and ME-1), as well as CD34 " hematopoietic
stem cells (HSC) derived from umbilical cord blood, and CD41" megakaryocytic progenitors (MK) differentiated from CD34" HSCs. (B)
The Venn diagram illustrating differentially methylated CpGs (DMCs) shared between C/G™" pediatric AML cases, representing both
megakaryoblastic (M7) and non-M7 lineages, corresponding to 24,479 differentially methylated genes (DMGs). (C) The Venn diagram
showing the overlap of DMCs between C/G™" cell lines (M07e and WSU-AML) when compared with HSC and MK progenitors, identifying
33,561 DMGs. (D) Intersection analysis of DMGs across C/G™ pediatric AML patients and cell lines, revealing 19,410 DMGs unique to the
C/G fusion. (E, G) Frequency distribution of DMCs in C/G™ pediatric AML patients (E) and C/G™ cell lines (G), categorized by their
genomic locations across promoters, gene bodies, and intergenic regions. (H) The heatmap illustrating the clustering of major de novo
acute megakaryoblastic leukemia patients and normal BM (NBM) isolates based on DNA methylation profiles at promoters and gene
bodies of C/G-restricted genes. (I) The heatmap of DNA methylation at promoters and gene bodies of C/G-restricted genes, comparing
C/G™ and non-C/G AML cell lines with HSCs and MK progenitors, demonstrating distinct clustering patterns.
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Figure 2 Relationship between DNA methylation and gene expression in C/G™" pediatric acute myeloid leukemia (AML). (A) The
stacked bar graphs illustrating the proportions of genes that are both differentially methylated (at promoter and gene body re-
gions) and differentially expressed in CBFA2T3-GLIS2 (C/G)-positive AML patients relative to normal bone marrow (NBM) isolates.

(B) The stacked bar graphs showing the proportions of differentially
line M07e, compared with hematopoietic stem cells (HSC) and me

methylated and differentially expressed genes in the C/G" cell
gakaryocytic (MK) progenitors. (C, D) The scatter plots of up-

regulated genes (log, fold change >1, p < 0.05) in C/G" pediatric AML patients compared with NBM isolates and in M07e cells
compared with HSC. The plots display genes with either hypermethylation or hypomethylation at their promoter (C) or gene body

regions (D), indicating correlations between methylation status an

d gene expression levels. (E, F) Enrichment analysis of differ-

entially methylated and expressed genes in C/G™ patients (E) and the C/G™ cell line MO7e (F) reveals common pathways associated
with cell adhesion, TGF- signaling, and Wnt signaling, highlighting pathways potentially impacted by C/G-specific methylation and

expression patterns.

C/G™ patients, and 810 and 748 such genes in M07e cells,
respectively (Fig. 2C, D). We prioritized up-regulated genes
for further analysis, given their potential roles in leuke-
mogenesis and their relevance as candidate immunothera-
peutic targets in C/G" pAML. Among these, several
established C/G-restricted genes (e.g., FOLR1, GP1BA,
CMTM5, and SMAD3) demonstrated canonical inverse re-
lationships between promoter methylation and gene

expression. However, a substantial subset, including HPSE2,
ITGA2B, and DLX4, were paradoxically up-regulated despite
promoter hypermethylation, consistent with non-canonical
regulatory mechanisms (Fig. 2C). A similar pattern was
observed at gene bodies: while genes such as BAMBI and
HDAC5 were up-regulated in association with hypo-
methylation (non-canonical), others including NCAM1, CPZ,
and ARID3B exhibited gene body hypermethylation
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concordant with increased expression, aligning with ca-
nonical gene body regulation (Fig. 2D). To explore func-
tional consequences of these epigenetically regulated
genes, we performed pathway enrichment analysis using
the PANTHER database. In both C/G™ patient samples
(Fig. 2E) and MO7e cells (Fig. 2F), up-regulated DMGs were
significantly enriched (false discovery rate <0.001, fold
enrichment >2) in developmental and adhesion-related
signaling pathways, including Wnt, TGF-B, cadherin, and
integrin signaling, as well as angiogenesis and MAPK
signaling cascades (Table S8). These pathways are tightly
linked to leukemic cell plasticity, niche interactions, and
immune escape.

Collectively, these results reveal that gene expression in
C/G" leukemias is shaped by both canonical and non-ca-
nonical DNA methylation changes at promoters and gene
bodies, converging on conserved developmental and
adhesion programs. This layered epigenetic control may
underlie the aggressive phenotype and lineage ambiguity
observed in this high-risk leukemia subtype.

Differential methylation at CREs aligns with
regulatory chromatin states and associates with
gene expression changes

To examine the relationship between canonical and non-
canonical DNA methylation and transcriptional regulation,
we integrated histone modification data (H3K4met,
H3K4me3, H3K27me3, and H3K27ac) with a ChromHMM 10-
state model (Table 59)."*?* This model classified chromatin
states into active enhancers, TSS-flanking regions,
repressed transcription regions, and quiescent chromatin.
Repressed (S2) and quiescent (E3) regions covered the
majority of the genome (~ 85%), while active promoter and
enhancer states represented ~17%, and bivalent or genic
enhancers were rare (<1%) (Fig. 3A). Regions of these
chromatin states contained significantly more hyper-
methylated CpGs compared with hypomethylated CpGs
(p < 0.05), especially at promoters (Fig. 3C), whereas gene
bodies and intergenic regions did not exhibit this trend.

We further evaluated the coincidence between differ-
entially methylated chromatin states overlapped (>50 bp)
with accessible (primed) regions. The proportion of overlap
varied across promoters, gene bodies, and intergenic re-
gions (Fig. 3D and Table S10). Differentially methylated
chromatin states in C/G" pAML, characterized by hyper-
methylation, frequently overlapped with open chromatin,
particularly at the TSS—adjacent regions (TssFln and TssA).
Conversely, hypomethylated, non-primed regions were
predominantly associated with quiescent chromatin states
(E3). Notably, a significant overlap was observed between
primed chromatin and hypermethylated CpGs flanking TSS
(E8 and E9), suggesting the presence of a hyper-
methylation-supported open-chromatin structure that
could support transcriptional up-regulation through non-
canonical epigenetic mechanisms.

We further analyzed the degree of correlation (Pearson’s
r) between DNA methylation changes at putative promoter-
bound CpGs and expression of the corresponding genes
across various chromatin states (E1—E10). The correlation
between DNA methylation and gene expression was

generally weak (|r| < 0.2) across states such as EnBiv (E1,
n = 63), repressed polycomb (E2, n = 890), quiescent (E3,
n = 2852), enhancer states (E4, n = 559; E5, n = 755; E6,
n = 1384), TSS downstream regions (E7, n = 923), and
EnhG (E10, n = 231). However, a relatively stronger
negative correlation was observed between DNA methyl-
ation and expression at active TSS-proximal promoter
states, including TssFln (E8, n = 1450; r = —0.28) and TssA
(E9, n = 470; r = —0.48) (Fig. 4A). C/G-associated tran-
scription factors like ERG, and CBFA2T3 partners like GATA1
and RUNX1T1 were found to be regulated within the EnhA2
(E5) state. Additionally, key C/G-restricted genes,
including those with immunotherapeutic potential (e.g.,
CMTM>5, DLX3, GP1BA, KIT, FRAS1, HPSE2, and KLRF2), were
identified in TSS-associated chromatin states (E7—E9)
(Fig. 4A).*191416.35 Fyrther analysis underscored the dual
role of DNA methylation in gene regulation, showing that
both hypomethylated promoters (e.g., CMTM5 in Fig. 4B,
and GP1BA in Fig. 4C) and hypermethylated promoters (e.
g., HPSE2 in Fig. 4D, and DLX3 in Fig. 4E) can support the
up-regulation of genes. These modifications, regardless of
their CpG island (CGl) context, were associated with
accessible chromatin and enriched activating histone
marks.

De novo chromatin looping aligns with differential
DNA methylation in C/G pAML

To investigate the role of DNA methylation in genomic
reorganization that confers a selective advantage for gene
up-regulation, we analyzed differential promoter in-
teractions between M07e and HSC. Using the CHICAGO
pipeline (score > 5)%, we identified significant chromatin
loops. In M07e, we detected a substantial increase in the
number of chromatin loops (n = 35,008, averaged over two
replicates) (Fig. 5A), and an 80.7 kb reduction in the me-
dian linear distance between promoters and their inter-
acting regions compared with HSC (Wilcoxon test, 95% ClI,
p < 0.01 (Fig. 5B). Notably, 61% of the differentially iden-
tified loops (n = 62,044) showed an increase in interaction
strength (fold change >2), while 39% (n = 39,098) exhibi-
ted reduced interactions (Fig. 5C) in MO7e cells. Given the
importance of CTCF-mediated chromatin looping in
genomic architecture, we assessed the coincidence of CTCF
binding at these loops that originates from or are anchored
to differentially methylated sites, focusing on both pro-
moter-anchored and non-promoter interacting regions. We
observed a higher number of CTCF-unbound, differentially
methylated sites within the 5202 loops with increased in-
teractions in M07e cells, including 3312 sites at promoter
and 4040 at non-promoter regions (Fig. 5D). A similar trend
was observed in 863 loops that exhibited decreased in-
teractions (Fig. 5E).

Given the limitations of BeadChIP arrays in detecting
strictly hyper- or hypomethylated DMRs, we analyzed
loop-originating and loop-interacting regions containing
hypermethylated, hypomethylated, a combination of
both, or unmethylated CpGs. Notably, CTCF-bound loops
with enhanced interactions in M07e cells (n = 3052)
exhibited diverse CpG distributions: hypomethylated CpGs
(23.3%), non-methylated CpGs (29.5%), and
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Figure 3  Chromatin state landscape and its association with DNA methylation in C/G* M07e cells. (A) The left panel displays a

heatmap of emission parameters for the ten chromatin states, wh
column represents one of four histone modifications (H3K4me1,
immunoprecipitation-sequencing data in C/G™ M07e cells (Thirant e

ere each row represents a distinct chromatin state, and each
H3K4me3, H3K27ac, and H3K27me3) derived from chromatin
t al, 2017). The right panel shows a heatmap indicating the fold

enrichment of each chromatin state across various external genomic annotations within M07e cells. (B) The heatmap illustrating
the fold enrichment of each chromatin state across 200-bp bins spanning 2 kb around transcription start sites (TSSs), providing
insight into chromatin state distribution in the proximity of gene promoters. (C) The stacked bar graphs presenting the proportion
of chromatin states overlapping with hypermethylated and hypomethylated CpGs across promoters, gene bodies, and intergenic
regions, highlighting the distinct methylation patterns associated with various chromatin states in these genomic regions. (D) The
stacked bar charts showing the overlap proportions of differentially methylated chromatin states with open or closed chromatin
states across promoters, gene bodies, and intergenic regions in M07e cells, providing a view of chromatin accessibility associated

with differential methylation.

hypermethylated CpGs (31.5%) (Fig. 5D, E). To further
elucidate the relationship between differential methyl-
ation and chromatin looping, we examined specific C/G-
restricted genes (e.g., BMP2, MED12L, CMTM5, and
KLRF2), focusing on their associations with CTCF binding,
H3K27ac-enriched histones, and differential methylation.
For instance, in BMP2 (Fig. 5F) and MED12L (Fig. 5G), both
loop-originating and loop-interacting domains were
anchored to CTCF-binding sites, coinciding with hyper-
methylated CpGs and enhancer-marked chromatin re-
gions. In contrast, CMTM5 (Fig. 5H) and KLRF2 (Fig. 5I)
exhibited loops lacking CTCF binding, with hypomethy-
lated CpGs and enhancer-marked chromatin. These find-
ings suggest that the interplay between CTCF binding and

the methylation status of enhancer-marked chromatin
distinctly shapes genomic architecture and modulates the
transcriptional regulation of C/G-restricted genes.

C/G fusion leverages DNMT3B to induce an aberrant
methylation landscape

Although the C/G fusion is a recognized oncogenic driver in
C/G" pAML subtype, its precise role in shaping the aberrant
DNA methylation landscape at CREs remains unclear. Prior
studies suggest that C/G may bind to target sites through
CBFA2T3, GLIS2, or a combination of both.' To investigate
this, we performed CUT&RUN sequencing to examine
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Figure 4 Correlation between DNA methylation, chromatin states, and gene expression in C/G* M07e cells. (A) The scatter plots
representing correlation (Pearson’s r) between DNA methylation (average B-values) at gene promoters and the expression (log; fold
change) of the nearest genes across various chromatin states in MO7e cell line. A significant negative correlation (r > 0.2) was
observed between DNA methylation levels and gene expression for genes within regions flanking the transcription start site
(TssFlnD; E8) and at active TSS regions (TssA; E9). This indicates that in these chromatin states, increased promoter methylation is
associated with decreased gene expression. (B—E) Illustrations of the epigenetic landscapes of four representative C/G-restricted
genes, showcasing contrasting methylation patterns and chromatin states at their promoters: (B) CMTM5 and (C) GP1BA were up-
regulated in C/G* cells and exhibited hypomethylated CpGs at their promoters. These hypomethylated regions coincided with
epigenetically primed chromatin, characterized by ATAC-sequencing peaks, indicative of open chromatin, and the presence of
activating histone modifications (H3K4me1, H3K4me3, and H3K27ac). Conversely, (D) HPSE2 and (E) DLX3 were up-regulated
despite containing hypermethylated CpGs at their promoters. These hypermethylated promoters also coincided with epigenetically
primed chromatin and activating histone modifications, suggesting that up-regulation of these genes may be facilitated by chro-
matin accessibility and histone modifications rather than conventional methylation patterns.

genome-wide C/G occupancy in M07e and K562 cells
(Fig. 6A). Our analysis showed lineage-specific binding dis-
tributions for CBFA2T3 and GLIS2°®™, suggesting a disease-
specific role of these proteins. We identified 6663 unique
CBFA2T3 peaks in M07e cells and 2894 in K562 cells, with only
9.3% overlap (n = 986) between the two cell lines. Similarly,
2327 unique GLIS2°®" peaks were identified in MO7e cells and
4836 in K562 cells, with 1.6% overlap (n = 118). Further

analysis in M07e cells revealed that 1852 of the 7649
CBFA2T3-bound peaks, 350 of the 2445 GLIS2“®"-bound
peaks, and 518 of the 1902 co-bound peaks coincided with
DMCs (Fig. 6B). Notably, a significant proportion of these
peaks contained hypomethylated CpGs (63.9% for CBFA2T3,
72% for GLIS2°®™, and 72.7% for co-bound peaks). This
hypomethylation pattern contrasts with the hyper-
methylated landscape observed across the genome in C/G*
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Figure 5

Promoter-interacting chromatin loops and their association with DNA methylation in C/G* M07e cells. (A) Promoter

capture chromosome conformation capture (PCHi-C) analysis shows the number of promoter-interacting loops in M07e cells
compared with CD34" hematopoietic stem cells (HSC). (B) The violin plot representing the median distance between promoter
origins and interacting regions within chromatin loops in M07e cells versus HSC. (C) The scatter plot highlighting the differentially
enriched loops in M07e cells relative to HSC. (D, E) The stacked bar graphs showing the proportions of CTCF binding at hyper- or
hypo-methylated CpGs within promoter-anchored and non-promoter interacting regions that are either differentially enriched (D)
or absent (E) in M07e compared with HSC. (F—I) Integrative Genomics Viewer (IGV) representations of two genes, (F) BMP2 and (G)
MED12L, demonstrate hypermethylated promoters with coincident CTCF binding, H3K27ac enrichment, and promoter-anchored
loops, suggesting a role for enhancer-bound hypermethylated CpGs in chromatin remodeling. Conversely, chromatin looping
associated with hypomethylation was observed at the promoters of (H) CMTM5 and (I) KLRF2.

pAML, suggesting further investigation into potential re-
lationships between C/G fusion and key epigenetic
regulators.

Among the major epigenetic regulators differentially
expressed (log fold change >1) in C/G* pAML patients
(n = 24) compared with NBM isolates (n = 10), CBFA2T3
expression exhibited a significant negative correlation with
histone deacetylase 4 (HDAC4) in NBM (Spearman’s
p = —0.76, with p > 0.4 and p < 0.05 considered signifi-
cant), though this correlation was weaker in C/G* patients
(p = —0.11). In contrast, GLIS2 showed minimal correlation
with other epigenetic regulators. Notably, in C/G* pAML,
both CBFA2T3 and GLIS2 were significantly positively
correlated with DNMT3B (p = 0.74) and HDAC5 (p = 0.49)
(Fig. 6C). These findings support the hypothesis that the C/
G fusion may enhance DNMT3B expression and activity,
potentially driving genome-wide aberrant de novo hyper-
methylation in C/G* pAML.

To test this hypothesis, we performed CUT&RUN
profiling of two activating histone modifications—H3K4me3
and H3K27ac—and integrated these data with CBFA2T3 and
GLIS2°®™ binding profiles. The DNMT3B promoter was
marked by H3K4me3 in both M07e and K562 cell lines
(Fig. 6D, E), however, co-occupancy of CBFA2T3 and
GLIS2%®" was observed exclusively in MO7e cells, consistent
with direct targeting by the C/G fusion (Fig. 6D). The
specificity of C/G fusion binding was further supported by
the presence of a GLIS2 binding peak detected only with
the antibody targeting the central domain of GLIS2 and not
with the N-terminal-specific GLIS2 antibody (Fig. 6D).
Additionally, we observed enrichment of H3K27ac near
exon-2, the translation initiation site of DNMT3B in M07e
cells but not in K562 cells.*” Although K562 is not of myeloid
lineage, it was selected for comparison based on its rela-
tively high and comparable expression of CBFA2T3, GLIS2,
and DNMT3B, as confirmed by RNA-sequencing TPM values
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Figure 6 CBFA2T3-GLIS2 binding and its association with DNA methylation and gene regulation. (A) The Venn diagrams displaying
the distribution of unique and shared CBFA2T3 and GLIS2 binding peaks between M07e and K562 cells, as identified through
CUT&RUN sequencing. (B) The stacked bar graph showing the proportion of CBFA2T3, GLIS2, or combined CBFA2T3-GLIS2 (C/G)
binding peaks overlapping with hyper- and hypomethylated CpGs in M07e cells. (C) Spearman rank correlation matrices for
differentially expressed genes (log fold change >1, p < 0.05) in C/G" pediatric acute myeloid leukemia (AML) patients (n = 24)
compared with normal bone marrow (NBM) (n = 10), specifically encoding epigenetic regulatory proteins. Correlations with
Spearman’s coefficient p > 0.4 and p < 0.05 were considered significant. A significant negative correlation (blue) was observed
between CBFA2T3 and HDAC4 in NBM isolates, but this correlation was weaker in C/G* pediatric AML. In contrast, positive cor-
relations (red) were observed between CBFA2T3/GLIS2 and HDAC5/DNMT3B expression in C/G™ pediatric AML compared with NBM
isolates. (D, E) CUT&RUN sequencing confirmed the specific binding of both CBFA2T3 and GLIS2 proximal to the promoter and exon-
2 (translation start site) of DNMT3B in M07e cells (D), but this binding was absent in K562 cells (E).

retrieved from the Expression Atlas (Fig. S5). These char-
acteristics allowed us to control for gene dosage effects
while isolating fusion-specific binding patterns. In contrast,
other AML-derived cell lines used elsewhere in this study (e.
g., KG1A, KASUMI-1, ME-1) do not confer additional inter-
pretive advantage in this setting, as they lack expression
parity and may introduce confounding lineage-specific
regulatory differences. Together, these findings support a
model in which the C/G fusion directly engages the DNMT3B
promoter to drive its transcriptional up-regulation,
enabling aberrant methylation of CREs and reinforcement
of the leukemic gene expression program in C/G* AMKL.

Loss of DNMT3B reshapes the DNA methylation and
transcriptional programs

To investigate the role of DNMT3B in regulating DNA
methylation and transcription, we generated DNMT3B KO

MO7e cells using CRISPR-Cas9-mediated genome editing. A
sgRNA targeting exon 6 of DNMT3B was cloned into a len-
tiviral vector for delivery (Fig. 7A). Western blotting anal-
ysis confirmed complete loss of DNMT3B protein in KO cells
compared with WT and scramble controls, with B-actin as a
loading control (Fig. 7B). Genome-wide DNA methylation
profiling via RRBS identified 3670 DMRs in KO cells,
comprising 2475 hypermethylated and 1195 hypomethy-
lated regions. Notably, DNMT3B loss resulted in DNA
methylation changes across 1290 enhancer-bound and 1185
non-enhancer-bound DMRs, with 612 enhancer-bound and
583 non-enhancer-bound regions exhibiting decreased DNA
methylation (Fig. 7C). Further analysis revealed that both
hypermethylated and hypomethylated DMRs were signifi-
cantly enriched at promoters compared with gene bodies
(p < 0.05, two-tailed t-test) (Fig. 7D). Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment anal-
ysis of DMR-associated genes highlighted significant
enrichment in cellular adhesion pathways (Fig. 7E and
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Figure 7 Functional impact of DNMT3B knockout on DNA methylation, gene expression, and drug sensitivity in M07e cells. (A)
Schematic representation of the CRISPR-Cas9-mediated knockout of DNMT3B (DNMT3B KO) in M07e cells. The U6 promoter drives
expression of an hDNMT3B-targeting single-guide RNA (sgRNA), while an EFS promoter controls Cas9 expression along with a T2A-
linked puromycin resistance cassette for selection. (B) Western blotting analysis confirmed DNMT3B depletion in DNMT3BKO cells.
Wild-type (WT) and scramble control cells served as references. B-actin was used as a loading control. (C) Distribution of differ-
entially methylated regions (DMRs) following DNMT3B KO, categorized as hypermethylated (Hyper-DMRs) or hypomethylated (Hypo-
DMRs). DMRs were further classified based on their localization within enhancer-bound (red) or enhancer-unbound (blue) regions.
(D) Annotation of Hyper-DMRs (top) and Hypo-DMRs (bottom) across chromatin states (E1—E10) in MO7e cells. The distribution of
DMRs in promoters (yellow) was significantly higher than in gene bodies (green) (two-tailed t-test, p < 0.05), highlighting pref-
erential methylation changes in regulatory regions. (E) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis of genes associated with DMRs, showing significant enrichment in signaling pathways, including axon guidance, focal
adhesion, MAPK signaling, and PI3K-Akt signaling. Circle size represents the number of genes in each pathway, and color intensity
corresponds to statistical significance (—log;q false discovery rate). (F) The volcano plot displaying differentially expressed genes in
DNMT3B KO versus WT cells. Key genes with significant changes (p < 0.05) are labeled, including HPSE2, ITGB2, ITGA5, BMP2, DLX1,
NCAM1, STXBP6, and FOLR1. The red and blue indicate up-regulated and down-regulated genes, respectively. (G, H) Genome
browser tracks of representative Hypo-DMRs at HPSE2 (G) and ITGB2 (H) loci. Tracks show the presence of active histone modi-
fications (H3K4me3, H3K27ac) and CpG islands (CGl). Loss of DNA methylation at these loci correlates with active chromatin
features. (1, J) Quantification of DNA methylation levels at HPSE2 (I) and ITGB2 (J) loci in WT and DNMT3B KO cells. DNA methylation
levels were significantly reduced in DNMT3B KO cells (p < 0.05 and p < 0.01, respectively). (K) Cell viability assay assessed the
sensitivity of WT and DNMT3BKO MO07e cells to venetoclax (VEN) treatment. DNMT3B KO cells exhibited increased sensitivity to VEN,
indicating a potential epigenetic mechanism affecting drug response.
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Table S11), suggesting a role for DNMT3B in epigenetic
regulation of adhesion-related mechanisms.

RNA sequencing of DNMT3B KO cells identified 4286
differentially expressed genes, including 1030 up-regulated
and 1730 down-regulated genes (false discovery rate
<0.05; log, fold change cutoff). Among these, key adhe-
sion-associated genes (e.g., HPSE2, ITGB2, ITGA5, BMP2,
DLX1, and NCAMT) were significantly down-regulated
(Fig. 7F), indicating DNMT3B’s role in promoting adhesion-
related gene expression in C/G* pAML. Integrated analysis
of RNA sequencing and DNA methylation profiling revealed
that 346 differentially expressed genes were directly
associated with DMRs, confirming a coordinated regulatory
mechanism (Fig. S4). To validate these findings, we exam-
ined DNA methylation levels at the HPSE2 and ITGB2 loci.
HPSE2 exhibited significant hypomethylation, with a 71%
reduction across five CpGs spanning 12 bp (p < 0.05)
(Fig. 7G—1), while ITGB2 showed a 36% reduction across five
CpGs spanning 97 bp (p < 0.05) (Fig. 7H—J), supporting
DNMT3B-dependent regulation of adhesion-associated
genes.

To assess whether DNMT3B loss influences baseline
cellular fitness, we first compared the viability of WT and
DNMT3B KO MO7e cells under standard culture conditions.
DNMT3B KO cells exhibited a modest but statistically sig-
nificant reduction in viability (~14%, p < 0.05) relative to
WT cells (Fig. S6). Given this modest effect, we next tested
whether DNMT3B ablation could sensitize C/G* pAML cells
to chemotherapy. Because C/G" leukemias are typically
resistant to BCL2 inhibition,>® we evaluated the response of
WT and DNMT3B KO cells to venetoclax. WT M07e cells were
relatively resistant (ICsp = 0.82 uM), whereas DNMT3B KO
cells showed markedly enhanced sensitivity, with an 1Csq
reduced to 0.29 uM (Fig. 7K). These results indicate that
loss of DNMT3B may partially overcome intrinsic venetoclax
resistance in C/G* pAML, highlighting a potential thera-
peutic vulnerability. To determine whether DNMT3B loss
affects apoptotic susceptibility, we performed annexin V/PI
staining in DNMT3B KO M07e cells treated with or without
venetoclax. Under basal conditions, DNMT3B KO cells were
largely viable (~85%), with minimal apoptosis, indicating
that DNMT3B depletion alone does not induce cell death.
Venetoclax treatment significantly reduced viability
(~50%) and markedly increased late apoptotic (~13%—~
60%) and necrotic (~1%—~45%) populations, while early
apoptosis remained unchanged (Fig. S7). These findings
suggest that DNMT3B loss enhances apoptotic progression in
response to BCL2 inhibition, possibly by priming mitochon-
drial-mediated cell death pathways.

Discussion

Our integrative multi-omics study reveals distinct epige-
netic features in C/G* pAML, providing insights into tran-
scriptional reprogramming driven by DNA methylation
alterations and enhancer dynamics. DNA methylome anal-
ysis of C/G* pAML patient samples encompassing both M7
and non-M7 lineages, along with representative cell lines,
reveals that C/G-specific DMCs are predominantly hyper-
methylated across promoters, gene bodies, and intergenic
regions (Fig. 1E—G). Differences in DMC distribution

between patient samples and cell lines may stem from the
fact that most patient samples were derived from newly
diagnosed cases, whereas cell lines may have acquired
additional genetic and epigenetic modifications over time.
Despite this, the presence of the C/G fusion consistently
led to the close clustering of patient-derived blasts or cell
lines with respect to control samples.

Interestingly, although promoter hypermethylation is
traditionally associated with transcriptional repression via
transcription factor-binding inhibition and chromatin
condensation, 46.7% (498/1062) of up-regulated differen-
tially expressed genes in C/G" patients exhibited hyper-
methylated CpGs at their promoters (Fig. 2C). This atypical
hypermethylation pattern, previously observed in de novo
(non-Down syndrome) AMKL cases,'®*>*° deviates from
canonical cancer methylation profiles, possibly reflecting
enhancer-mediated activation driven by chromatin modifi-
cations.*’ These findings prompted further exploration of
DMC overlap with chromatin states defined by histone
modifications, revealing that hypermethylated CpGs in
promoter regions frequently overlapped with varied chro-
matin states, in contrast to hypomethylated CpGs (Fig. 3C).

Furthermore, clusters of up-regulated genes with
hypermethylated promoter CpGs were associated with
distinct chromatin states (Fig. 4A). For instance, ERG up-
regulation and GATA1 down-regulation—hallmark events in
C/G* pAML—were both associated with non-canonical DNA
methylation patterns at their promoters in the E5 chro-
matin state. Similarly, genes identified as potential immu-
notherapy targets, such as FRAST and HPSE2,* exhibited
promoter hypermethylation despite being up-regulated,
likely through association with the enhancer-chromatin
states (E7 and E8). Notably, these DMC-linked chromatin
states exhibited limited overlap (>50 bp) with open or
“primed” chromatin states. The lack of concordance be-
tween chromatin accessibility and gene expression
changes, as previously noted in other studies,*>** suggests
either a context-dependent role for activating transcription
factors or an instance of atypical chromatin remodeling. To
further elucidate the impact of promoter DNA methylation
on chromatin architecture in the C/G" genome, we con-
ducted PCHi-C analysis, which revealed that while CTCF-
bound loops predominantly overlapped with non-methyl-
ated or hypomethylated CpGs, hypermethylated CpGs were
often enriched within enhancer-marked chromatin and
involved in de novo chromatin looping. These findings
indicate that hypermethylated CpGs may contribute to the
up-regulation of genes critical for sustaining the leukemic
transcriptional program in C/G" pAML through non-canon-
ical chromatin remodeling mechanisms (Fig. 5).

Our analysis also highlighted minimal shared binding
peaks of CBFA2T3/GLIS2¢*" between C/G* M07e cells and
C/G~ K562 cells (Fig. 6A), suggesting that C/G fusion
partners exhibit unique binding profiles and context-
dependent functional roles. While the C/G fusion is a key
driver of this leukemia subtype, its exact mechanism in
establishing aberrant DNA methylation patterns remains
unclear, particularly since common epigenetic modifiers
frequently mutated in adult AML (e.g., IDH1, IDH2, TET2, or
DNMT3A) are not mutated in C/G* pAML.** This implies a
distinctive mechanism underlying C/G-driven hyper-
methylation. Our study also found a negative correlation of
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CBFA2T3/GLIS2 expression with HDAC4, but a positive cor-
relation with HDACS5, consistent with prior findings of
HDAC) overexpression and HDAC4 down-regulation in AML
and other hematological malignancies.3¢“>¢ Although the
simultaneous presence of HDAC5 overexpression and
genome-wide H3K27ac enrichment in the C/G genome may
seem contradictory, past studies have shown no consistent
link between HDAC activity and H3K27ac levels.*”"*® The
observed genome-wide hypermethylation is instead likely
attributed to the positive correlation between CBFA2T3/
GLIS2 and DNMT3B expression. This is further supported by
C/G fusion binding near the TSS and the first exon of
DNMT3B in M07e but not in K562 cells (Fig. 6D, E).

To investigate the functional impact of DNA methylation
alterations, we generated DNMT3B KO MO7e cells, given the
strong correlation between DNMT3B expression and C/G-
driven methylation. Loss of DNMT3B led to widespread
hypomethylation, particularly within enhancer-associated
regions (Fig. 7C), reinforcing the role of DNMT3B-mediated
methylation in enhancer regulation. Interestingly, hypo-
methylation events were significantly more enriched at
promoter regions compared with gene bodies (two-tailed t-
test, p < 0.05) (Fig. 7D), indicating preferential epigenetic
deregulation of regulatory elements.

Furthermore, DNMT3B KO cells exhibited increased
sensitivity to venetoclax compared with WT cells (Fig. 7K),
suggesting that DNA methylation contributes to apoptotic
resistance in C/G" pAML. Apoptosis profiling revealed a
marked shift from viability to late apoptotic and necrotic
states following venetoclax treatment (Fig. S7), suggesting
that DNMT3B loss primes leukemic cells for apoptotic
execution upon BCL2 inhibition. While the precise molecular
mediators of this effect remain to be defined, these findings
highlight the broader role of DNMT3B in modulating thera-
peutic response. Given the urgent need for effective treat-
ments for C/G* pAML, particularly in the absence of targeted
therapies, identifying downstream effectors of DNMT3B re-
mains a priority. Although DNMT3B has previously been
implicated in AML, our data position it within a distinct C/G-
driven enhancer regulatory axis. Moreover, our integrative
analysis identified several DNMT3B-regulated genes (e.g.,
HPSE2, ITGB2, DLX1, BMP2, NCAMT) involved in adhesion
signaling, and immune regulation. > While not functionally
validated here, these targets represent promising candi-
dates for future mechanistic and translational studies.

Prior studies have shown that C/G exhibits a restricted
genome-wide binding profile, occupying fewer than 2000
loci, with only ~20% of its target genes showing differential
expression.'® This suggests that C/G exerts its oncogenic
effects primarily through downstream regulatory networks
rather than direct transcriptional activation. One such crit-
ical effector is DNMT3B, whose expression is driven by direct
C/G binding at its promoter, leading to widespread aberrant
DNA methylation. This mechanism parallels the function of
overexpressed ERG, which cooperates with C/G to establish
de novo SEs, reinforcing a transcriptional feedforward loop
that amplifies oncogenic gene expression, including KIT."®

Collectively, our findings reveal that promoter hyper-
methylation in C/Gt pAML frequently coincides with
enhancer chromatin elements, explaining the up-regulation
of C/G-specific genes. Disrupting these transcriptional and
epigenetic circuits could serve as a viable therapeutic

strategy in C/G" pAML, with implications that may extend
beyond C/G" pAML to other fusion-driven cancers, where
similar oncogenic processes operate.*’~>2
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